
5. Carbon Monoxide

Effects of carbon monoxide on human health heave been investigated

almost entirely by toxicological experiments and clinical observations

in conjunction with occupational exposure (e.g., of parking attendants,

tunnel and toll plaza personnel). Epidemiological studies of carbon

monoxide have looked also at oxidants (because of the relation of both

to auto exhaust) and other pollutants.

Hexter and Goldsmith (1971) found a significant association

between daily mortality in Los Angeles County and levels of carbon

monoxide, but no significant association between mortality and oxidant

levels.  An increase in carbon monoxide level from 7.3 ppm (lowest

24-hour basin average observed during the study period) to 20.2 ppm

(highest observed) was eleven deaths for that day. Because the

analysis was controlled only for temperature, leaving out other

possibly relevant factors, the results should be viewed with caution.

Clinical studies by Aronow et al. (1972, 1973, 1974) have asso-

ciated carbon monoxide with onset of angina during severe exercise

and intermittent claudication. These studies do not yield useful dose-

effect functions, but provide supportive evidence.

6. Other Pollutants

Several useful investigations were conducted on the effects of

other pol lutants or non-speci f ic air  pol lut ion. These include a study

of the effects of benzo(a)pyrene by Carnow and Meier and of the effects

of non-specific air pollution on university students.

A study by Carnow and Meier (1973) of lung cancer mortality in

the 48 contiguous United States and in 19 countries concluded that an

increase of 1 pg of benzo(a)pyrene in 1000 m3 of air was associated

with an increase of 5 percent in lung cancer mortality. Benzo(a)pyrene

levels were estimated on the basis of fuel consumption, rather than

direct measurements. This casts strong doubt on the validity of the

resu l ts .
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Durham (1974) investigated the health effects of air pollution

on student populations at seven California universities. He controlled

for climatic variables and socioeconomic characteristics, as well as

confounding factors, such as chronic conditions, prescheduled appoint-

ments, weekends, holidays, and exam periods. The data suggest that a

16.7 percent excess in respiratory illness in the form of sore throat,

pharyngit is, and tonsillitis among students at University of Southern

California over students at University of California at Irvine may have

been due to levels of nitric oxide, nitrogen dioxide, and sulfur dioxide

that were 3-4 times as high. The similar incidence of common cold

symptoms and eye irritation was attributed to the similar levels of

photochemical oxidants. No such strong associations between respiratory

illness and pollution were found for schools in the San Francisco Bay area.

A report by the California Air Resources Board (Leung et al., 1975)

presents a series of dose-effect functions representing the health

effects of oxidants, nitrogen dioxide, and carbon monoxide. These were

developed on the basis of questionnaires completed by a panel of 14

experts for three age groups and 11 pre-existing disease conditions.

The results are of some interest as an expert consensus, but the most

significant outcome was the experts' own assessment that, because of

lack of adequate data, their judgment was "not trustworthy" in 40

percent of the oxidant, 82 percent of the carbon monoxide, and 92 percent

of the nitrogen dioxide values. This lack of confidence by a panel of

recognized experts in estimating health effects of various levels of

pollution is a salutory reminder that the art of developing dose-effect

functions to human health is a long way from being an exact science.
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B. DAMAGE TO VEGETATION

The effects of air pollutants on crops and ornamental plants has been

the subject of numerous, but inconsistent, investigations. These are sur-

veyed here under the five major pollutants: sul fur dioxide, oxidants,  ni t ro-

gen oxides, acid rain, and fluorides. Some general remarks about vegetation

dose-effect functions precede the survey.

1. General Remarks

Concern over air pollution damage to vegetation has received re-

newed impetus from the recent discovery of heretofore unsuspected high

oxidant levels in rural areas and the completion of investigations indi-

cating substantial crop losses at these levels. The more significant

investigations of air pollutant damage to vegetation are listed in Table

9, which specifies the pollutant, plant, type of effect, and author

reference. The recent date of these discoveries points up several basic

flaws in the studies of vegetation damage, which are delineated briefly

here and discussed at greater length in Chapter III (Analytical Method-

ology).

The principal problems and issues in the development of dose-

effect functions in this area are analogous to those encountered

for health effects and material damage, but there are signi f icant di f -

ferences. These are discussed below in terms of:

Types of studies
Determination of exposure
Determination of effect
Presentation of results

Investigations of the effects of air pollutants on vegetation have

been designed primarily to determine susceptibil it ies of individual plant

varieties, rather than to establish a broadly applicable relationship be-

tween dose and effect. Consequently, there has been relatively litt le in-

terest in coordinating the research effort or in setting uniform stand-

ards and conditions of investigation that would permit some aggregation

or comparison of the results of different studies.
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Table 9. Selected Studies of Vegetation Effects of Major Air Pollutants

Pollutant Plant Effect Reference

Ryegrass

Lichens and mosses

Soybeans

Poplar

4 ornamental tree species

87 native desert species

6 crop plant species

Tobacco

White pine

Tomato

Yellow birch

Tobacco

Tobacco

Conifers

Pine

Pine

White pine

Ponderosa pine

Geranium, carnation

35 crap and ornamental
species

Poinsettia

Navel orange

Navel organge

Tobacco

Potatoes

Cotton

Corn

Corn

Spinach, radish, lettuce

Lemons
Bean, tomato, tobacco

Navel orange

Pine and yellow poplar

Citrus trees

Tomato, gladiolus, corn,
coni fers,  c i t rus,
alfalfa, sorghum

Soybeans

Leaf senescence Bleasdale, 1973

Death Mansfield & Bull, 1972

Yield reduction Davis, 1972

Leaf injury Dochinger, 1972

Leaf necrosis Temple, 1972

Leaf injury Hi l l  et  a l . ,  1974

Leaf injury Tingey et al., 1971

leaf in jury Menser & Heggestad,
1966

Needle injury

Yield reduction

Growth reduction

Leaf fleck

Leaf fleck

Needle injury

Photosynthesis reduction

Photosynthesis reduction

Needle injury

Needle injury and tree
death

Reduction or delay af
flower development

Leaf injury

Linzon, 1966

Kratky et al., 1974

Wood & Borman, 1971

Heck et al., 1966

Turner et al., 1972

Davis & Wood, 1972

Botkin et al., 1971 

Barnes, 1972

Costonis & Sinclair,
1969

Miller, 1973

Feder, 1970, 1972, 1973

Heck & Tingey, 1971

Reduction or delay of
bract development

Increased fruit drop

Growth reduction and
leaf drop

Leaf fleck

Yield reduction

Yield reduction

Yield and growth reduction

Yield reduction

Yield reduction

Yield reduction
Weight and chlorophyll

reduction

No significant effect

Growth reduction

Yield reduction

Feder et al 1972, 1973

Thompson et al., 972

Thompson & Kats, 1975

Heagle and Heck, 7973

Heggestad, 1973

Brewer & Ferry, 1974

Feder ,  1972,  1973

Thompson, 1975

Thompson, 1975

Thompson & Taylor, 1969
Taylor & Eaton, 1966

Leaf injury, yield
reduction

Thompson et al. 1971

Stone & Skelly, 1974

Thompson & Taylor,
1969

McCune, 1969

Leaf injury, transpiration
reduction

Wiebe & Poovaiah, 1973,
Poovaiah & Wiebe 1973

3 6



The pr inc ipa l  po l lu tants  impl ica ted in  substant ia l  damage to

vege ta t i on  a re  su l f u r  d i ox ide ,  ox idan ts ,  n i t r ogen  ox ides ,  ac id  ra i n

( p r o b a b l y  a  d i l u t e  s o l u t i o n  o f  s u l f u r i c ,  n i t r i c ,  a n d  h y d r o c h l o r i c

ac ids ) ,  and  f l uo r i des . The determination of response of crops and

forests  is  severe ly  handicapped by the v i r tua l  lack o f  moni tor ing s ta-

t i ons  i n  r u ra l  a reas . Consequently, ambient levels are determined on

the bas is  o f  dar ing in terpo la t ions,  between leve ls  a t  d is tant  s ta t ions

or occasional measurements with the aid of portable instruments.

In  the past ,  determinat ion o f  e f fec ts  was based large ly  on

measurement of the extent of leaf injury and several indices were

deve loped  re la t i ng  t h i s  measu re  t o  y i e l d  l oss .  Lea f  i n j u r y  i s  s t i l l

cons idered an impor tant  ind icat ion o f  e f fec t  in  cer ta in  p lants ,  such

as le t tuce and tobacco,  because leaf  appearance a f fec ts  sa leab i l i ty .

However, substantial  losses of frui t ,  grain, and t imber have been found

even in  the absence of  s ign i f icant  leaf  in jury ,  so the la t ter  can no

longer  serve as an ind iscr iminate proxy for  y ie ld  loss.  An addi t iona l

undetermined amount of yield loss occurs when more resistant plant

var ie t ies  are  subst i tu ted for  the more suscept ib le  ones,  wh ich tend to

be more productive.

E f f ec t s  o f  a i r  po l l u t an t s  on  vege ta t i on  exh ib i t  w ide  va r i a t i ons

among the various species and as a result  of di f fer ing genetic and

env i ronmenta l  cond i t ions.  The la t ter  inc lude s tage o f  growth,  genera l

v i ab i l i t y  and  v i go r ,  t empera tu re ,  hum id i t y ,  amoun t  o f  i nso la t i on ,  so i l

mo i s tu re  and  ac id i t y ,  and  ava i l ab i l i t y  o f  nu t r i en t s . These are much

more important here than in the case of human health effects, where the

target populat ion belongs to one species and genetic and environmental

condit ions are control led within a more narrow range.

Most  app l ica t ions o f  dose-ef fec t  funct ions in  the dec is ion-making

process require aggregation of effect measures over large target popu-

t ions and geographic areas. Ef for ts  to  sat is fy  these requ i rements

have been f rust ra ted large ly  by the wide var ia t ions of  s tudy resu l ts

and by the i r  bas ic  incomparabi l i ty ,  which was ment ioned ear l ie r .

There have been some attempts to alleviate the problem through the

37



construct ion of data envelopes and/or scatter diagrams, which pro-

v ide a  very  gross ind icat ion o f  the d i rec t ion and order  o f  magni tude

of  the e f fec t  as  a  funct ion o f  exposure.

In  conc lus ion,  the s ta te  o f  deve lopment  o f  cons is tent  and broadly

app l i cab le  dose -e f f ec t  f unc t i ons  re l a t i ng  exposu re  t o  a i r  po l l u tan t s

with vegetat ion damages is considerably less advanced than that in the

areas of health effects or materials damages. The major reasons are

the  sca rc i t y  o f  a i r  qua l i t y  r eco rds  i n  ru ra l  a reas ,  some  l ack  o f  f o re -

s ight  and coord inat ion in  the des ign o f  invest igat ions and presentat ion

of  resu l ts ,  but  most  o f  a l l  the broad var ie ty  o f  ta rget  spec ies  and the

e n s u i n g  v a r i a b i l i t y  o f  e f f e c t s .

2. Sulfur Oxides

Ear l y  s tud ies  i den t i f i ed  su l f u r  d i ox ide  as  t he  p r imary  f ac to r  i n

air pol lut ion damage to vegetat ion, and many of these have developed

quan t i t a t i ve  re l a t i onsh ips  be tween  SO2 l eve l s  and  p lan t  i n j u r y ,  o r

y i e l d  l o s s .  More recent investigat ions have examined the effects of

ac id  ra in  and mis t . Dose -e f f ec t  f unc t i ons  o f  s i ng le  p l an t  spec ies

have been investigated for ryegrass (Bleasdale, 1973), soybean (Davis,

1972), and poplar (Dochinger, 1972). More d ivers i f ied s tud ies have

focussed on ornamentals (Temple, 1972), mosses and lichens (Mansfield

and Bul l ,  1972) ,  and a var ie ty  o f  deser t  spec ies (Hi l l  e t  a l . ,  1974) .

Exposure of ryegrass to sulfur dioxide in coal smoke was found to

reduce plant weight between 16 and 57 percent (Bleasdale, 1973). E a r l i e r

leaf senescence was also observed in plants exposed to ambient S02.

The  re l i ab i l i t y  o f  t he  SO2 da ta  i s  i n  ques t i on  due  t o  t he  imp rec i se

measurement of ambient pollutants. Moreover, the coal smoke may well

conta in  var ious par t icu la te  f rac t ions capable  o f  produc ing damage.
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The re la t ionship  between leaf  in jury  and y ie ld  loss has been

invest igated by Davis  (1972)  in  a  three-year  s tudy invo lv ing 485 p lo ts

of soybeans. Sulfur dioxide fumigations were carr ied out at two growth

stages dur ing the f i rs t  two years , and at seven growth stages during the

las t  yea r .  A strong correlat ion was found between leaf area destroyed

and reduct ion of  y ie ld  (see F igure 10) .  However ,  no d i rect  l ink  has

been establ ished between SO2 concentrat ion and yield, though there are

ind icat ions that  the raw data  cou ld  prov ide th is  in format ion.

Source: Davis, 1972

Figure 10. Correlat ion of Soybean Yield with Leaf Area Destroyed

The ef fec t  o f  su l fur  d iox ide fumigat ion on a  spec ia l  var ie ty  o f

hybrid poplar was documented by Dochinger et al.  (1972). Fumigation

was carr ied out at 5 ppm for 0, 3, 6, 9, and 12 hours in control led

environment chambers. Resul ts  were p lo t ted as percent  leaf  in jury  vs .

hours of fumigation for both lower and upper shoots and various clonal

var ia t ions wi th in  the spec ies (see F igure 11) .  The resu l ts  prov ide a

good damage function at f ixed concentrat ion, but the extension to other

concen t ra t i ons  and  t he  app l i cab i l i t y  t o  o the r  spec ies  i s  ve ry  l im i t ed .

Air pol lut ion may cause substantial  damage to ornamental plants,

leafy  vegetab les, and nat ive vegetat ion through fo l iar  in jury  a lone.

Ornamentals are used for their aesthetic value and hence, deteriorat ion

in  p lant  appearance reduces i ts  sa leabi l i ty . Native species may not

have an assigned economic value, bu t  des t ruc t i on  o f  t he i r  f o l i age  i s

l ike ly  to  reduce aesthet ic  en joyment  or  to  produce increased eros ion.
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Source: Dochinger et al. ,  1972

Figure 11. Relationship Between Length of Exposure to SO2
and Growth of Upper ( left}  and Lower (r ight)
Shoots for Various Poplar Clones

Ef fec ts  o f  su l fur  d iox ide exposure o f  four  spec ies  o f  ornamenta l

t rees were invest igated by Temple (1972)  wi th  the a id  o f  cont ro l led

environmental chambers. Some resu l ts  are  p lo t ted in  F igure 12 in  the

form of  a  three-d imens iona l  sur face represent ing degree o f  leaf  necros is

as a  funct ion o f  both  t ime and concent ra t ion.  Accuracy o f  the resu l ts  is

wi th in  5-10 precent .

Source: Temple, 1972

Figure 12. Three-Dimensional Relationship Between Exposure to
SO2 and Leaf Necrosis in Norway Maple and Chinese Elm



In a massive study of the effects of power plant emissions on

nat ive vegetat ion,  Mansf ie ld  and Bul l  (1972)  found that  lower  p lant

types, such as lichens and mosses, suffer extensive damage or death

at SO2 concentrat ions as low as 0.01 ppm. This is due to the concentra-

t ion o f  tox ic  substances in  the p lant  t issue over  long per iods o f  t ime,

coupled with the fact that these plants take up airborne substances to

suppor t  a  por t ion o f  the i r  nut r ient  requ i rements .

Hi l l  e t  a l .  (1974)  fumigated some 80 spec ies  o f  deser t  p lants  wi th

sulfur dioxide and a combination of SO2 and NO2 in portable environmental

chambers. Most of the species were found to be resistant to two-hour

exposures at concentrat ions up to 2 ppm, but some fol iar injury appeared

at higher levels up to 7 ppm. Moreover ,  no synerg is t ic  e f fec t  was

observed at the levels used.

Invest igat ions o f  SO2 in jury  to  whi te  p ine near  a  smel ter  were

coupled with ozone fumigation to determine whether either pol lutant was

respons ib le  (L inzon,  1966) .  Exposures to SO2 leve ls  o f  0 .25 ppm for

several hours were found to cause injury, as were 03 concentrat ions of

0.60 ppm for 2-4 hours. The combined effect of these pol lutants, however,

was not  invest igated carefu l ly .

On the other hand, dist inct synergist ic effects have been observed

upon exposure of tobacco to acute fumigations with both SO2 and 03

(Menser and Heggestad, 1966). Three cult ivars of tobacco showed no

leaf damage upon exposure to 2-4 hours of 0.03 ppm 03‘levels  and 0.24 ppm

so2. However, when these concentrations were used together, 38 percent of

the leaf area suffered damage after a 2-hour fumigation and 75 percent

a f ter  a  4-hour  fumigat ion.  The corresponding leaf areas damaged were 15

and 41 percent ,  respect ive ly .

3. Oxidants

Ef fec ts  o f  photochemica l  ox idants ,  inc lud ing ozone,  have a t t rac ted

a great  dea l  o f  a t tent ion, espec ia l ly  in  the wake of  the recent  d iscovery

o f  h i gh  ox idan t  l eve l s  i n  r u ra l  a reas . Most investigat ions have been

d i rec ted  a t  f i e l d  c rops , such  as  a l f a l f a ,  b rocco l i ,  c l ove r ,  co rn ,  co t t on ,

cucumbers, le t tuce,  oats ,  pota toes,  rad ishes,  sorghum,  sp inach,  tobacco,
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and tomatoes (Heck et al . , 1966; Heck and Tingey, 1971; Feder, 1973;

T u r n e r  e t  a l . , 1972; Heggestad, 1973; Heagle and Heck, 1974; Brewer and

Ferry, 1974; Thompson, 1975 ) .  O the r  s t ud ies  dea l t  w i t h  c i t r us  t r ees

(Thompson and Taylor, 1969; Thompson et al., 1972; Thompson and Kats,

1975) ,  con i ferous lumber  t rees (Coston is  and Sinc la i r ,  1969;  Botk in

e t  a l . , 1971; Barnes, 1972; Davis and Wood, 1972; Miller, 1973), and

such ornamental plants as carnations, geraniums, and poinsett ias

(Feder, 1970; Feder, 1973; Feder et al. ,  1972).

The f i rs t  major  c rop p lant  to  be invest igated was the exper imenta l

and h igh ly  suscept ib le  Be l  W-3 tobacco cu l t ivar . Heck et al.  (1966)

showed that varying exposures of up to 60 ppm of ozone for four hours

may cause more than 90 percent leaf injury. The resu l ts  were p lo t ted in

a three-d imensional  sur face represent ing an in jury  index as a  funct ion

of both exposure t ime and concentrat ion (see Figure 13).

Source: Heck et al. ,  1966

Figure 13. Three-Dimensional Relationship Between Exposure
to Ozone and Injury to Bel W-3 Tobacco

Turner et al.  (1972) assessed direct ly ozone damage to tobacco by

measur ing he ight ,  dry  weight ,  leaf  area,  amount  o f  f leck in jury ,  as  wel l

as total leaf stomatal conductance, an indirect measure of photosynthesis

and  resp i ra t i on . Four  cu l t ivars  o f  vary ing sens i t iv i ty  were grown under

f ie ld  condi t ions dur ing both years  o f  the s tudy and in  greenhouses dur ing

the second year. The  a i r  qua l i t y  da ta  spec i f i es  bo th  d i u rna l  va r i a t i ons
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and dai ly peak oxidant readings throughout the growing season. The

unin jured leaf  area for  the most  to lerant  (6524)  and the most  sens i t ive

(Bel W-3) cult ivars was determined to be 10 and 71 percent, respectively,

in the presence of ozone, and 10 and 14 percent ,  respect ive ly ,  in  f i l te red

a i r . Standard er rors  are  repor ted for  most  o f  the resu l ts .

The pred ispos i t ion to  in jury  f rom prev ious exposure was invest igated

by Heagle and Heck (1974) ,  aga in  for  the Bel  W-3 cu l t ivar .  P lants

exposed to seven days of continuous high oxidant levels exhibited more

than twice as much injury as the total of seven plants exposed for only

one day each. The postulated mechanisms for the cumulat ive injury are

progressive accumulat ions of toxic substances, progressive degradation

of cel l  membranes, or a gradual disruption of enzyme processes. The

eight week mean total injury per leaf indices were found to be twice as

high for continuous groups as for dai ly exposure groups.

In  a  s imi lar  set  o f  exper iments , Heck and Tingey (1971) obtained

acute injury indices as a function of exposure t ime and concentrat ion

for a number of crop and ornamental plants. The plants were exposed

to .075 - 1.0 ppm ozone levels for periods of up to seven hours.

Typ ica l  resu l ts  for  the more impor tant  var ie t ies  are  shown in  Table  10.

Table 10. Ozone Injury to Selected Plants

Source: Heck and Tingey, 1971.

Potatoes have exh ib i ted up to  50 percent  reduct ion in  y ie ld  in

Maryland upon exposure to oxidant levels above 0.05 ppm. Heggestad (1973)
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has repor ted on a  number  o f  pota to  cu l t ivars ,  w i th  y ie lds  o f  the Haig

and Nor land var ie t ies  be ing reduced most  s ign i f icant ly .  These y ie ld

l osses  we re  shown  to  be  a t  l eas t  qua l i t a t i ve l y  r e l a ted  t o  l ea f  i n j u r y .

Effects of oxidant exposure on cotton yield in the San Joaquin

Val ley were s tud ied dur ing a two-year  per iod in  four  locat ions by

Brewer and Ferry (1974). Cot ton grown in  f i l te red a i r  was found to

produce 10-30 percent more yield than control plants grown in chambers

conta in ing unf i l te red a i r  or  those grown on the outs ide (see Table  11) .

Table 11. Effects of Oxidants on Cotton Yield

Source: Brewer and Ferry, 1974

Effect on corn yield has been studied in New England (Feder, 1972)

and in Cali fornia (Thompson, 1975). Feder found that corn exposed to

pol lutant levels of approximately 0.10 ppm for seven hours per day,

f ive  days per  week,  suf fers  a  reduct ion o f  30 percent  in  leaf  area,

20 percent in stem length, 32 percent in ear weight, and 60 percent in

number  o f  f i l l ed  ke rne l s  pe r  ea r . Thompson repor ted s ign i f icant  y ie ld

reduc t i ons  f o r  two  cu l t i va r s  o f  co rn . In the case of Monarch Advance,

a susceptible variety, fresh weight per husked ear was reduced by 28

percent by exposure to ambient smog over the growing season. For

Bonanza corn,  a  more res is tant  var ie ty ,  ear  weight  was on ly  s l ight ly

affected, but the number of second ears was reduced by 75 percent when

compared wi th  p lants  grown in  f i l te red a i r . Other  e f fec ts  o f  the

control led greenhouses may have accounted for a port ion of the yield

reduc t i on .
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Thompson (1975) also found major reductions in plant weight for

sp inach,  rad ish,  and le t tuce grown under  vary ing concent ra t ions o f

photochemical smog. The results are reported in Table 12.

Table 72. Yield of Several Vegetables Exposed to Various
Levels of Photochemical Smog

Index Spinach Radish Lettuce
Ambient Smog Plant wt. Percent Plant wt. Percent Plant wt.

(grams)
Percent

(grams) (grams)

0 37.1 100 8.4 100 549 100

25 38.6 104 8.8 104 525 96

50 31.6 85 7.7 92 491 89

75 31.8 86 7.2 86 401 73

100 18.6 50 5.2 62 317 58

Source: Thompson, 1975

The y ie ld  o f  lemons was found to  be s ign i f icant ly  a f fec ted by

ozone and nitrogen dioxide in ambient smog, but the effect of compon-

ent pol lutants was not adequately isolated (Thompson and Taylor, 1969).

In a similar fashion, exposure of navel orange trees to both ozone and

peroxyacetyl nitrate have shown that ozone alone causes l i t t le damage,

but peroxyacetyl nitrate and photochemical smog produce signif icant

i nc reases  i n  f r u i t  d rop .

The most extensive survey of the effects of oxidants on coniferous

trees has been performed by Davis and Wood (1972). The study focused on

leaf  in jury  to  new growth in  2-6 year-o ld  seedl ings,  which may af fect

the photosynthesis process, and hence, the eventual growth of the trees.

S ix  spec ies o f  p ine (P inus) ,  two of  la rch (Lar ix ) ,  and eastern hemlock

(Tsuga canadensis) were found to be susceptible to 8-hour exposures to

0.25 ppm ozone levels every two weeks. Nine other coniferous species

inc lud ing four  spruce (P icea) ,  two f i r  (Ab ies) ,  Douglas f i r  (Pseudotsuga

menzes i i ) ,  Aborv i tae (Tsuga occ identa l is ) ,  and red p ine (P inus res inosa)

were found to be resistant to damage at these levels.
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Studies measur ing photosynthes is  more d i rec t ly  in  three spec ies o f

yel low pine have been performed by Botkin et al.  (1971) and Barnes (1972).

Barnes' results indicate that photosynthesis is sometimes enhanced at

ozone levels up to 5 pphm, but extended exposures to 15 pphm levels

reduces CO2 exchange in most cases. Botkin, on the other hand, found

that much higher doses in experimental chambers had no signif icant effects

in  produc ing e i ther  v is ib le  symptoms or  reduct ion o f  photosynthes is .

Coston is  and Sinc la i r  (1969)  invest igated ozone in jury  to  whi te  p ine

(Pinus s t robus L. )  in  both cont ro l led env i ronment  and por tab le  po lyethe lene

chambers. More  s i gn i f i can t  i n  t e rms  o f  ex tended  i n j u r y  we re  t he i r  f i e l d

measurements on development of symptoms over a two-year period. Highest

four-hour mean ozone concentrations varied from 0.044 to 0.052 ppm in

1966 and 0.05 - 0.086 ppm in 1967. Corresponding injury manifested by

necrotic lesions on the needles and measured on a scale of 1-8 are shown

in F igure 14 for  a  s ing le  h igh ly  suscept ib le  t ree (A)  and f ive normal

t r ees  (B ) .

Source: Costonis and Sinclair,  1969.

Figure 14. Ozone Injury to White Pine Needles as a
Function of Time for Two Years with
Different Ozone Levels for a Single Sus-
ceptible (A) and Five Normal (B) Trees.
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Ozone damage to Ponderosa pine was studied by Miller (1973) in the

San Bernardino National Forest. The t rees suf fered an 8  percent  mor ta l i ty

rate over a three-year period as compared to a normal rate of less than

3 percent. They f inal ly succumbed to attack by bark beetles after being

weakened by ozone.

Carnat ion,  geran ium,  and po inset t ia  cu l t ivars  have a l l  been found

susceptible to damage by ozone (Feder, 1970; Feder et al. ,  1972; Feder,

1972). Plants grown to maturi ty in 0.10 - 0.12 ppm ozone concentrations

showed reductions or delays in bract or f lower development, as wel l  as

depressed growth. Average leaf area was reduced by 10 percent in

geranium and bract area decreased by 39 percent in poinsett ia grown in

air containing 0.12 ppm ozone. Th is  exposure const i tu ted a  h igher

average dose than would be experienced under ambient conditions due

to  ambient  d iurna l  f luc tuat ions.  Carnat ion showed s ign i f icant  de lay

in  f lower  bud in i t ia t ion in  0 .10 ppm ozone,  but  o therwise,  bud develop-

ment was not affected.

4. Nitrogen Oxides

Invest igat ions o f  the e f fec ts  o f  n i t rogen ox ides on vegetat ion have

suffered from several handicaps, including the numerous atmospheric react ions

o f  t he  seve ra l  ox i des ,  t he  rap id  f l uc tua t i ons  o f  t he i r  amb ien t  l eve l s ,

the lack of an acceptable measurement techniques, and the synergist ic.

e f fec ts  wi th  su l fur  d iox ide and ox idants .  Most studies have attempted

to circumvent these problems by adopting nitrogen dioxide (N02) as a

proxy for  a l l  n i t rogen ox ides and by re ly ing on contro l led laboratory

exposures or on concentrat ion predict ions based on emission levels.

Principal studies have examined the effects on pinto bean, tobacco,

and tomato (Taylor and Eaton, 1966), navel orange (Thompson et al.,

1971), and pine trees (Stone and Skelly, 1974).
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Effects of nitrogen dioxide exposures on pinto bean, tobacco and

tomato were investigated by Taylor and Eaton (1966) in temperature-

cont ro l led fumigat ion chambers .  Severa l  cu l t ivars  o f  tobacco exh ib i ted

leaf  damage af ter  n ine-hour  exposures to  4 .72 mg/m3  NO2 leve ls ,  but

there was no damage af ter  f ive-hour  exposures.  Resul ts  o f  longer

exposures a t  lower  concent ra t ions, c loser  to  ambient  leve ls  o f  p in to

bean and tomato, are shown in Tables 13 and 14. Signif icant dif ferences

in weight and chlorophyl l  content were observed for exposures over 10

days to levels between 0.61 - 1.03 mg/m3.

Table 13. Effect of NO2 Exposure on Growth Rate of
Pinto Bean Seedlings and Chlorophyll
Content of Primary Leaves

Source: Taylor and Eaton, 1966

Table 14. Effect of NO2 Exposure on Growth of
Pearson Improved Tomato Plants

Source: Taylor and Eaton, 1966
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Thompson et al. (1971) exposed navel orange trees to NO2 concentra-

t ions up to  tw ice ambient  leve ls .  Leaf drop was compared with that of

con t ro l  t r ees  exposed  t o  ca rbon - f i l t e red  a i r .  The  s l i gh t l y  h i ghe r  l ea f

drop f rom t rees exposed to  NO2 was determined to  be s ta t is t ica l ly

i n s i g n i f i c a n t .  Although the data cannot be used to develop a damage

function, they do suggest the presence of a threshold.

An ingenious, but not very successful attempt to determine the

relat ionship between NO2 emission levels and amount of growth in 43

white pine trees near Radford, Virginia was made by Stone and Skelly

(1974). The NO2 levels were est imated on the basis of production volume

in the nearby Radford Army Ammunit ion Plant, a major local source of

n i t rogen ox ides.  Growth rates were determined by measuring the width

of  the annual  growth r ing,  The inverse cor re la t ion shown in  F igure 15

is not very convincing and suggests either a poor relat ionship between

product ion and HO2 leve ls ,  or  the presence o f  o ther  growth-s tunt ing

fac to r s  o r ,  mos t  l i ke l y ,  bo th .

Source :  Stone and Skel ly ,  1974

Figure 15. Relationship Between NO2 Emissions
Represented by Ammunition Plant
Production and Growth Rate of White
Pine Trees

5. Acid Rain

Ac id  ra in  is  formed when ra in  drops scavenge su l fur ic ,  n i t r ic

and hydrochloric acids from airborne aerosols and i ts severity is mea-

sured by i ts  pH.  Ac id  ra in  has been recent ly  brought  to  l ight  as a
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serious environmental problem in Europe (RMFA, 1972) and in the

eastern U.S. (Likens and Borman, 1974). Measurements of pH between

3.0 and 4.0 have been rather frequent, and values as low as 2.0 have

been reached.

Stud ies in  Hawai i  repor ted that  cer ta in  tomato p lants  grown under

ra in  she l ters  averaged 5 kg per  p lant  o f  sa leab le  f ru i t ,  whereas p lants

grown in  the natura l  ra in fa l l  y ie lded no sa leable  f ru i t  due to  b lossom

d r o p ,  p o o r  f r u i t  s e t ,  o r  r e d u c t i o n s  i n  f r u i t  q u a l i t y  ( K r a t k y  e t  a l . ,  1 9 7 4 ) .

A pH drop from 5.0 to 4.5 in the rainwater caused a reduction in pol len

tube  ge rm ina t i on  (a  necessa ry  p re requ i s i t e  f o r  f r u i t  g row th )  f r om 5 .3  t o

2.2  percent .

Yel low birch seedl ings exposed to acid mist under greenhouse

conditions showed marked decreases in estimated weight when pH dropped

below 3.0 and signif icant mortal i ty rate at pH 2.3 (Wood and Borman, 1974).

The acid mist treatments were appl ied for one six-hour period each week

over  a  per iod o f  120 days to  s imulate  natura l  condi t ions.

6. F luor ides

Fluor ides are emi t ted dur ing product ion o f  a luminum,  s tee l ,

ceramics, and  phospha te  f e r t i l i ze r s , and thus,  present  a  loca l ized po l -

lu t ion prob lem. Gaseous hydrogen fluoride is taken up and accumulated

by the p lant 's  leaves, t hough  pa r t i cu la te  f l uo r i des  a l so  p lay  a  ro l e .

F luo r i de  i n j u r y  i s  t hough t  t o  t ake  p lace  t h rough  d i rec t  i n te rac t i on

with plant enzymes or t issues, or  through induced changes in  ce l lu lar

nutrient and hormone balance (McCune and Weinstein, 1971).

Threshold leve ls  o f  fo l iar  in jury  and y ie ld  reduct ion have been

cha r ted  f o r  con i f e r s ,  co rn ,  g l ad io l as , sorghum,  tomato,  and t ree f ru i ts

by McCune (1969). His results show that even between such diverse plant

types as tomato and conifers, t h resho ld  l eve l s  f o r  any  pa r t i cu la r  l eng th

of  exposure fa l l  w i th in  a  fac tor  o f  ten and they are much c loser  for  o ther

p lants  (see F igure 16) . More deta i led in format ion on the ind iv idua l  spec ies

has been reported by the National Academy of Sciences (NAS, 1971). Relat ions

between fumigat ion leve ls  and to ta l  f luor ide content  has been der ived for
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alfalfa and a number of other forage crops. Although these threshold

values are important,  the establ ishment of useful damage funct ions wi l l

requ i re  quant i f ica t ion o f  y ie ld  reduct ion as a  funct ion o f  vary ing concen-

trat ions over the growing season.

Source: McCune, 1969

Figure 16. Threshold Levels  o f  Fo l iar  In jury  and
Yie ld  Reduct ion for  Severa l  P lants .

Other studies have shown that f luoride uptake and effects are

inf luenced by moisture, temperature, and sunlight (Poovaiah and Weibe,

1973). Soybeans exposed to 15 ml/ l  f luoride levels for four days

exhib i ted 60-70 percent  reduct ions in  t ransp i ra t ion ra te ,  whereas

exposures of six hours per day produced lesser reductions. These

e f f ec t s  co r re l a ted  qua l i t a t i ve l y  w i t h  t he  ex ten t  o f  obse rved  f o l i a r

i n j u r y . Drought conditions before exposure were found to reduce

subsequent f luoride injury due to decrease stomatal uptake, whi le post-

fumigation drought increased injury (Poovaiah and Weibe, 1973). Condi-

t ions o f  h igh temperature  or  sun l ight  were a lso found to  acce lera te

fol iar injury by as much as 40 percent.
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C. DAMAGE TO MATERIALS

Inves t i ga t i ons  o f  t he  e f f ec t s  o f  a i r  po l l u t an t s  on  ma te r i a l s  a re

less  compl ica ted than those o f  hea l th  or  vegeta t ion e f fec ts ,  because o f

the oppor tun i ty  to  cont ro l  both  exposure and the target  popula t ion.  Never-

t he less ,  use fu l  dose -e f f ec t  f unc t i ons  i n  t h i s  a rea  a re  no t  many .  Th i s  sec -

t i on  exam ines  t he  e f f ec t s  o f  su l f u r  d i ox i de ,  pa r t i cu l a tes ,  and  n i t r ogen  d i -

oxide and ozone, fol lowing some introductory general remarks.

1. General Remarks

Inves t i ga t i on  o f  t he  e f f ec t s  o f  a i r  po l l u t an t s  on  ma te r i a l s  pe r -

mits the control of both exposure and the makeup of the target popu-

l a t i o n . Neve r the less ,  use fu l  dose -e f f ec t  f unc t i ons  i n  t h i s  a rea  a re

large ly  conf ined to  representat ions o f  the cor ros ion o f  meta ls  by su l -

fur  ox ides and the so i l ing o f  exposed sur faces by par t icu la tes.  Other

po l l u tan t s  s tud ied  i nc l ude  pa r t i cu l a tes ,  n i t r ogen  ox ides ,  and  ox idan t s .

Target populat ions are paper, t e x t i l e s ,  l e a t h e r ,  p a i n t s  a n d  d y e s ,  r u b -

ber ,  p las t ics ,  meta ls ,  ceramics ,  and s tone (see Tab le  15) .

Effects of long-term exposures have been determined by exposing

tes t  pane l s  t o  amb ien t  cond i t i ons  f o r  l ong  pe r i ods  o f  t ime .  The  re -

su l ts  o f  these f ie ld  s tud ies have been f lawed by poor  ambient  leve l

measurements and fai lure to account for other pert inent environmental

va r i ab les . Laboratory studies have attempted to determine short-term

e f f ec t s  by  sub jec t i ng  t es t  pane l s  t o  e l eva ted  po l l u t an t  concen t ra t i ons .

Recent laboratory experiments have employed more real ist ic concentra-

t i o n s . Humid i ty  exer ts  a  major  in f luence on the sever i ty  o f  most  e f -

f ec t s ,  w i t h  t empera tu re  and  a i r  f l ow  p lay i ng  l esse r  r o l es .

S ince  mos t  ma te r i a l s  o f  i n t e res t  a re  ava i l ab le  i n  a  g rea t  va r i e t y

of  compos i t ions and phys ica l  and chemica l  character is t ics ,  i t  i s  not

su rp r i s i ng  t ha t  e f f ec t s  o f  a  g i ven  po l l u t an t  unde r  a  spec i f i ed  se t  o f

condit ions may vary widely from one material to another. Fo r  t h i s

reason,  the target  popula t ion must  be spec i f ied accurate ly ,  as  was the

case wi th  hea l th  and vegeta t ion e f fec ts . On the other hand, the close

s imi lar i ty  between d i f fe rent  samples o f  the same mater ia l  a f fords a

high degree of precision and the determination of standard errors on
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Table 75. Se lected Stud ies o f  Mater ia l  Ef fec ts  o f  Major
A i r  P o l l u t a n t s

Po l lu tan t  Mater ia l  E f fec t  Reference

so2

so2

so2

so2

so2
so2

so2

so2

so2

so2

so2
S02,  NO23  O3

sop NO*, 03

soy N02’ 03

O3
Par t i cu la tes

Par t i cu la tes

Par t i cu la tes

Par t i cu la tes

Part iculates

Par t i cu la tes

Steel

Steel

Z inc

Zinc

Zinc

Aluminum

Copper

Nickel and titanium
a l l o y s

Nickel and titanium
al loys

Co t ton  f ab r i c

Limestone and marble

Aluminum

Paints

Ce l lu los ic  fab r i c

Paints

Paints

Paints

Paints and exposed

Electr ical  contacts

High-vol tage insulators

Electronic components

Corrosion

Corrosion

Corrosion

Corrosion

Corrosion

Corrosion

Corrosion

Corrosion

Corrosion

Sereda, 1960

Haynie and Upham, 1971

Guttman, 1968

Dunbar, 1968

Haynie and Upham, 1970

Azis and Godard, 1959

Mattsson and Holm, 1968

Van Rooyen and Copson,
1968

Greenlee and Plock, 1968

Reduct ion in tensi le
strength

Decay

Corrosion-induced
cracking

Erosion

Brysson et al., 1967

Gauri and Sarmma, 1973

Haynie, 1975

Spence et al., 1974

Dye fading Upham et al., 1974

Erosion

Increased maintenance

No significant main-
tenance change

Decrease in
ref lectance

Tarnishing

Flashover and current
leakage

Fa i lu re

Spence et al., 1974

Michelson and Tourin,
1967

Booz, Allen and
Hamilton, 1970

Beloin and Haynie, 1973

Campbell, 1972

Robinson, 1972

Baker, 1975

the bas is  o f  rep l ica te  exper iments-  Resul ts  are typ ica l ly  expressed

in  terms of  percentage loss o f  usefu l  l i fe  or  increased f requency o f

maintenance and replacement.

2. Sulfur Oxides

Sulfur oxides in the presence of moisture and oxidants, probably

in  the form of  su l fur ic  ac id ,  has been found respons ib le  for  the cor -

ros ion o f  meta ls ,  damage to  e lec t r ica l  contacts ,  deter iora t ion o f  paper ,
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t ex t i l es ,  l ea the r ,  f i n i shes  and  coa t i ngs ,  and  e ros ion  o f  bu i l d i ng

stone through convers ion o f  ca lc ium carbonate to  the so lub le  su l -

fa te .  Invest igat ions o f  meta ls  have focused on s tee l  (Sereda,  1960;

Haynie and Upham, 1971), zinc (Dunbar, 1968; Guttman, 1968; Haynie

and Upham, 1970), aluminum (Azis and Godard, 1959; Haynie, 1975),

copper (Mattsson and Holm, 1968), nickel (Van Rooyen and Copson,

1968), and t i tanium (Greenlee and Plock, 1968).

Haynie and Upham (1971) exposed three types of steel at eight

urban s i tes  to  determine cor re la t ions between su l fur  d iox ide and n i -

t rogen ox ide and ox idant  leve ls  wi th  cor ros ion of  the meta l .  They

found  t ha t  co r ros ion  i nc reased  w i t h  h i ghe r  su l f u r  d i ox i de  l eve l s ,

but  decreased wi th  r is ing ox idant  concent ra t ions,  which apparent ly

ac ted  an tagon i s t i ca l l y  t owa rd  su l f u r  d i ox ide .  The resu l ts  o f  the

invest igat ion are presented in  F igure 17 as a  fami ly  o f  curves re-

present ing d i f ferent  ox idant  leve ls  and a p lo t  o f  depth o f  cor ros ion

vs.  su l fur  d iox ide concent ra t ion over  a  ten-year  per iod.

Source: Haynie and Upham, 1971

Figure 17. Relat ionship Between SO and Oxidant
Concentrat ions and DeptK o f  Corros ion
of Carbon Steel.
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Sereda (1960)  found s ign i f icant  synerg is t ic  e f fec ts  o f  SO2 and

temperature  on cor ros ion o f  s tee l .  The results are plotted in Figure, 18

as a  three-d imens iona l  sur face represent ing cor ros ion ra te  as a  funct ion

of both SO2 concentrat ion and temperature. The surface was then approxi-

mated by a plane and i ts equation was formulated to least squares f i t

a s  f o l l o w s :

Y = 0.131x + 0.018z + 0.787,

where Y = log  co r ros ion  ra te ,  i n  mg/dm*/wet  day

X = SO2 po l l u t i on  ra te ,  i n  mg  SO,/dm*/day

Z = average monthly temperature during wet days, in °F.

Source: Sereda, 1960

Figure 18. Three-Dimensional Relat ionship
Between SO2 level, Temperature
and Corrosion Rate of Steel.

The impor tance o f  z inc  is  re la ted to  that  o f  s tee l  because z inc  is

used  i n  t he  ga l van i za t i on  p rocess  t o  p ro tec t  s t ee l .  An  i n i t i a l  i nves t i ga -

t ion by Gut tman (1968)  d isc losed that  SO 2, r e l a t i ve  hum id i t y ,  and  t o  some

extent ,  temperature  a f fec ts  cor ros ion in  raw z inc .  Another study by

Dunbar (1968) found no signif icant dif ference in weight loss among three
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grades of zinc ranging in purity from 99 - 99.9% upon exposure to SO2

and moisture. In  the exper iment  c i ted ear l ier  for  s tee l ,  Haynie and

Upham (1970) exposed test samples in eight urban areas and found a linear

relat ionship between corrosion rate and an atmospheric factor composed of

SO2 concen t ra t i on  and  re la t i ve  hum id i t y  ( see  F igu re  19 ) .  Th i s  s tudy  i s

descr ibed in  greater  deta i l  in  Sect ion IV D.

Source: Haynie and Upham, 1970

Figure 19. Relationship Between SO2 Concent ra t ion,
Relat ive Humid i ty ,  and Corrosion Rate
o f  Z i nc .

Azis and Godard (1959) investigated the corrosion of aluminum under

laboratory  condi t ions at  SO2 leve ls  o f  280 ppm.  The resu l ts  are

d isp layed in  F igure 20 as a fami ly  o f  curves represent ing severa l  a l loys

and d i f ferent  leve ls  o f  re la t ive humid i ty  on a  p lo t  o f  weight  ga in  due

to  cor ros ion vs .  t ime.  U n f o r t u n a t e l y ,  t h e  s t u d y  f a i l s  t o  r e l a t e

corros ion ra te  wi th  vary ing SO2 concent ra t ions.
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T h e  e f f e c t s  o f  SO2, N02, and ozone on corrosion-induced cracking

in aluminum were investigated by Haynie (1975). The bending strength

of the metal was found to decrease with increasing concentrat ion of

so*. The part icular al loy under study had been stressed for over

2,000 hours at the relat ive humidity of 80% and a temperature of

29°C.

Source: Azis and Godard, 1959

Figure 20. Relationship Between SO2 Exposure Time
and Corrosion Rate of Two Aluminum
Alloys at 72 and 85 Percent Relat ive
Humidity and 280 ppm SO2 concentration.

Copper  and i ts  a l loys have been invest igated in  a  less quant i ta t ive

fash ion.  A study by Mattsson and Holm (1968) reported corrosion rates of

0.2-0.6ym/year  a t  SO2 concent ra t ions o f  8~ug/m~  and of  0.9-2.2rmlyear

a t  SO2 l e v e l s  o f  70sg/m3.

Studies of nickel and t i tanium alloys by Van Rooyen (1968) and

by Greenlee and Plock (1968) found most of these metals highly resistant

t o  a i r  p o l l u t a n t s , even in  heav i ly  indust r ia l  a tmospheres.
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The more s ign i f i cant  s tud ies  o f  the  e f fec ts  o f  SO2 exposure on

other  mater ia ls  were per formed on cot ton fabr ics  (Brysson et  a l . ,  1967) ,

carbonate stone (Gauri and Sarma, 1973), and four types of paints

(Spence et  a l . ,  1974) .

Brysson exposed cot ton fabr ics  to  su l fa tes  a t  seven locat ions in

the  S t .  Lou i s  a rea  and  f ound  s i gn i f i can t  r educ t i on  i n  t he i r  se r v i ce  l i f e .

The resu l ts  are  p lo t ted in  F igure 21 in  the form of  tens i le  s t rength  vs .

t ime of  exposure a t  two leve ls  o f  S03.

Source: Brysson et al. ,  1967

Figure 21. Relationship Between SO2 Exposure
Time and the Tensi le Strength of
Cotton Fabric at Two Levels of S03.

Effects of SO2 exposure in the presence of moisture on carbonate

stone, including l imestone and marble, have been measured in terms of

the reaction rate between SO2 and calcite by Gauri and Sarma (1973).

The var ia t ion in  react ion ra te  constant  w i th  SO, concent ra t ion for  one

type of marble is shown in Figure 22.
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Source: Gauri and Sarma, 1973

Figure 22. Relat ionship Between SO2,  Concentrat ion and
the Reaction Rate for Alabama White Marble.

Spence et al.  (1974) exposed four types of paints to S02, N02, and

ozone and found SO2 to be the primary damaging agent. Experiments were

monitored in exposure chambers under control led pol lutant concentrat ions,

temperature ,  and re la t ive  humid i ty .  The combined e f fec ts  o f  SO2

concen t ra t i on  and  re l a t i ve  hum id i t y  accoun ted  f o r  ove r  60  pe rcen t  o f

t h e  v a r i a b i l i t y  i n  e r o s i o n  r a t e s .

3. Pa r t i cu l a tes

The major  e f fec ts  o f  par t icu la te  exposure on mater ia ls  are  the

soi l ing and deteriorat ion of painted and other exposed surfaces, and a

number of investigat ions have addressed this topic (Michelson and

Tourin, 1967; Booz, Al len and Hamilton, Inc., 1970; Beloin and Haynie,

1973). Degradation of painted surfaces may take the form of chalking,

crack ing,  eros ion, f l ak i ng ,  o r  changes  i n  t he  co lo r  o r  t ens i l e  s t r eng th

o f  p a i n t  f i l m s .  Par t icu la tes have a lso been he ld  respons ib le  for

59



a f f ec t i ng  t he  ope ra t i on  o f  e l ec t r i ca l  con tac t s  and  f o r  caus ing  e l ec t r i c

f lashover from insulators on high tension wires (Campbell ,  1972; Robinson,

1972; Baker, 1975).

The frequency of maintenance of painted surfaces exposed to part icu-

la tes has been invest igated in  Phi lade lph ia  (Boot ,  A l len and Hami l ton,

I n c . , 1970) and in f ive other towns and suburbs (Michelson and Tourin,

1967). The results of the two studies are in sharp disagreement, because

responses in  the f ive  c i t ies  record substant ia l  increase in  main tenance

f requency wi th  par t icu la te  concent ra t ion (see F igure 23) ,  whereas the

Phi lade lph ia  s tudy found no s ign i f icant  d i f ferences (Table  16) .  One rea-

son for the discrepancy may be the covariat ion of income and att i tude

towards maintenance wi th  a i r  po l lu t ion leve ls  in  the Phi lade lph ia  s tudy.

The re la t ionsh ip  between par t icu la te  concent ra t ion and ra te  o f

so i l ing  for  pa in ted sur faces as wel l  as  cedar  s id ing,  asphal t  sh ing les ,

concrete blocks, l imestone, brick, and window glass was investigated by

Belo in  and Haynie  (1973)  a t  f ive  tes t  s i tes  in  B i rmingham, A labama.  The

materials were exposed to ambient suspended part iculates at levels between

60-260#g/m3  over a two-year period. Soi l ing was expressed in terms of

reflectance measurements for opaque surfaces and in terns of haze measure-

ments for glass. The degree of soi l ing of painted cedar siding was

found to  be propor t iona l  to  the square root  o f  the par t icu la te  exposure

(see Figure 24), whereas the degree of soi l ing for shingle siding was

d i rec t l y  p ropo r t i ona l  t o  t he  exposu re .  However ,  the so i l ing  o f  l imestone,

concrete ,  br ick ,  and g lass sur faces exh ib i ted no c lear  cor re la t ion wi th

par t icu la te  exposure.

Par t icu la tes  have been found to  a f fec t  the operat ions o f  e lec t r ica l

contacts, components, and insulators by forming a surface f i lm (Campbell ,

1972). The rate of formation on brass contacts depends strongly on both

par t icu la te  concent ra t ion and re la t ive  humid i ty ,  whereas s i lver  contacts

a r e  n o t  s i g n i f i c a n t l y  a f f e c t e d .  Most  o f  these invest igat ions have not

produced quant i ta t ive re la t ionsh ips that  are  wor thy o f  repor t ing here

(Robinson,  1972;  Baker ,  1975) .
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Source: Michelson and Tourin, 1967

Figure 23. R e l a t i o n s h i p  B e t w e e n  E x t e r i o r  R e p a i n t i n g
Frequency and Part iculate Concentrat ion.

Table 16. Mean Annual Frequency of Exterior Wall
Pa in t ing as a  Funct ion o f  Par t icu la te
Concent ra t ion in  the Phi lade lph ia  Area.

Source: Booz Allen and Hamilton, Inc., 1970

61



Source: Beloin and Haynie, 1973

Figure 24. Rela t ionsh ip  Between Par t icu la te  Concent ra t ion,
Exposure Time, and Soil ing of House Paint.

4 . Oxidants and Nitrogen Oxides

Ozone damage to materials has taken the form of premature fading of

f ab r i c  dyes  (Sa l v i n , 1972), and increased erosion rate of paint (Spence,

e t  a l . ,  1 9 7 4 ) . Ozone has also been found to act antagonist ical ly toward

su l fur  d iox ide in  the cor ros ion o f  s tee l ,  thus decreas ing the cor ros ion

rate  (see F igure 17) . Nitrogen dioxide has to date been l inked mainly

w i t h  dye  f ad ing  i n  f ab r i cs  (Sa l v i n ,  1972 ) . However ,  a  quant i ta t ive

re la t ionsh ip  was not  es tab l ished.
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In the previously mentioned study of paints in a control led chamber,

Spence et  a l .  (1974)  found that  acry l ic  co i l  coat ing was s ign i f icant ly

affected only by ozone. Upon exposure to low levels of SO2 and NO2 and

high re la t ive humid i ty ,  the eros ion ra te  increased f rom 0.735~m/yr- a t

157yg/m3 O3 l e v e l  t o  ?.150~1m/yr.  a t  t h e  980,ug/m3  l e v e l .  This increase

i s ,  howeve r ,  on l y  s l i gh t l y  l a rge r  t han  t he  s tanda rd  e r ro r .

In  another  tes t  chamber  s tudy,  red and b lue ce l lu los ic  fabr ics  were

exposed to SO 2, 03, and NO2 to assess color fading (Upham et al . ,  1974).

NO2 was found to  cont r ibute  to  fad ing and loss  o f  usefu l  fabr ic  l i fe  both

d i rec t l y  and  i n  syne rg i sm w i th  re l a t i ve  hum id i t y .  A t  60  pe rcen t  r e l a t i ve

humid i t y  and  25°C ,  t he  s imp l i f i ed  dose -e f f ec t  r e l a t i onsh ip  i s  p l o t t ed  i n

Figure 25 and expressed by the equation:

Source: Upham et al., 1974

Figure 25. Relat ionship Between NO2 Concentrat ion
and Fading of Plum Fabric.
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D. OTHER EFFECTS OF AIR POLLUTION

Air pol lutants affect a number of other target areas beyond human

hea l t h ,  vege ta t i on ,  and  ma te r i a l s . The more important among these are

aesthet ic  and meteoro log ica l  e f fec ts . Quan t i t a t i ve  re l a t i onsh ips  f o r

these areas are  very  scarce because of  lack  o f  suf f ic ient  in terest  and/or

t he  d i f f i cu l t i e s  o f  measu r i ng  t he  e f f ec t s .

1. A e s t h e t i c  E f f e c t s

Aes the t i c  e f f ec t s  may  t ake  t he  f o rm  o f  r educed  v i s i b i l i t y  o r

odors. A l l  o f  t he  ma jo r  po l l u t an t s ,  w i t h  t he  poss ib l e  excep t i on  o f

carbon monoxide, can contr ibute to the f i rst problem and a host of minor

p o l l u t a n t s , including ammonia, hydrogen sulf ide, and mercaptans, are

respons ib le  for  the second. The re la t ionsh ips between po l lu tant  leve ls

a n d  v i s i b i l i t y  a r e  r e l a t i v e l y  s t r a i g h t f o r w a r d .  C h a r l s o n  ( 1 9 6 9 )  d e r i v e d

a  ra the r  s imp le  equa t i on  re l a t i ng  v i s i b i l i t y  t o  ae roso l  l eve l s ,  wh i ch

y ie l ded  a  co r re la t i on  coe f f i c i en t  o f  0 .82  f o r  238  read ings  i n  a  va r i e t y

o f  l o c a t i o n s . Odor measurement as a funct ion of pol lutant concentrat ion

is a much more formidable problem, because the effect is largely psychic,

and  t hus ,  d i f f i cu l t  t o  measu re .

Aesthetic effects have been usual ly measured in monetary terms by

assess ing the people 's  wi l l ingness to  pay for  po l lu tant  abatement  lead ing

to  a  reduct ion o f  the o f fens ive condi t ion.  Th is  may be accompl ished

through publ ic  op in ion surveys,  or  through s tud ies o f  changes in  proper ty

va lues as a  funct ion o f  a i r  po l lu t ion leve ls .  For  example,  Mason (1972)

and Vars and Sorenson (1972) surveyed the opinion of tourists on heavy

smoke problems in the Willamette Valley in Oregon caused by the burning

of grasses. Randal l  e t  a l .  (1974)  car r ied out  a  ser ies  o f  so-ca l led

bidding games designed to assess wil l ingness to pay for abatement of

part iculate emissions among several populat ion subgroups in the Four

Corners area in the Southwest.

2. Meteoro log ica l  Ef fec ts

Ai r  po l lu t ion has been he ld  accountab le  for  changes in  prec ip i ta-

t ion pat terns and in  the mean temperature  o f  the ear th 's  a tmosphere.  A i r
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pol lu tants  a lso cont r ibute  to  contaminat ion o f  water  and so i l  th rough

depos i t i on  by  g rav i t y  o r  by  p rec ip i t a t i on .

Air pol lutants have been found to cause either increases or

dec reases  i n  p rec ip i t a t i on , depending on local meteorological and

topographic  condi t ions (Hersey,  1970) .  Unfor tunate ly ,  the data base

i s  t oo  sma l l  f o r  a  su i t ab l e  dose -e f f ec t  f unc t i on .

Mi tche l l  has t raced the re la t ionsh ip  between atmospher ic

dust  leve l ,  cont r ibuted pr inc ipa l ly  by vo lcan ic  erupt ions,  and the drop

in the mean temperature of the earth's atmosphere. Th i s  has  po ten t i a l l y

great importance, because a 1.6 percent decrease in the amount of solar

radiat ion reaching the earth has been est imated to be capable of

produc ing severe g lac ia t ion (Dav is ,  1971) .  However ,  Mi tche l l ' s  resu l ts

are inconc lus ive,  because the re la t ionsh ip  exh ib i ts  vary ing magni tudes

and t ime lags.

I nves t i ga t i ons  o f  t he  con t r i bu t i on  o f  a i r  po l l u t an t s  t o  t he

contamination of surface waters and soil have been conducted on Lake

St .  C la i re  (Whelpdale ,  1974) ,  on Lake Mich igan (Sk ib in ,  1973) ,  in  the

Sierra Mountains (Yoshimitsu and Patterson, 1974), and in England

(Hallsworth and Adams, 1973). Here again ,  the resu l ts  are  not

suf f ic ient ly  cons is tent  and wel l -def ined to  permi t  the deve lopment  o f

dose-e f fec t  func t ions.
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E. EFFECTS OF WATER POLLUTION

Ef fec t s  o f  wa te r  po l l u t i on  have  rece i ved  re l a t i ve l y  l ess  quan t i t a t i ve

sc ru t i ny  t han  e f f ec t s  o f  a i r  po l l u t i on ,  pe rhaps  because  t he  l a rges t  e f f ec t ,

loss  o f  recreat ion,  is  so  d i f f i cu l t  to  measure,  and because most  e f fec ts

are a t t r ibutab le  to  d i f fe rent  combinat ions and concent ra t ions o f  var ious

p o l l u t a n t s . Nevertheless, dose-effect funct ions have been developed for the

ef fec ts  o f  var ious po l lu tants  on f ish  and o ther  aquat ic  organ isms,  as  wel l

as on household plumbing f ixtures,

1. Ef fec ts  on F ish

Dose-ef fec t  funct ions invo lv ing f ish  and o ther  aquat ic  organ isms

have been developed for dissolved oxygen and industr ial  chemicals

(E l l is ,  1937) ,  ac id i ty  (Lackey,  1939) ,  d isso lved so l ids  (Baldwin and

Saalfield, 1962; Beeton, 1965), suspended solids (Dow Chemical Company,

1968 ) ,  and  K ra f t  m i l l  e f f l uen t  (S toevene r  e t  a l . ,  1972 ) .

The quanti tat ive relat ionship between dissolved oxygen (DO)

concentrat ion and a desirable mix of f ish species has been investigated

by Ellis (1937), who found the optimum level to be between 6 and 7 ppm

(see Figure 26). A des i rab le  mix  was def ined as inc lud ing t rout ,  bass,

sunf ish ,  perch,  suckers ,  buf fa lo ,  and cat f ish  in  good condi t ion a t  the

t ime of sampling. E l l i s  a l so  i nves t i ga ted  su rv i va l  r a tes  o f  go ld f i sh

in  vary ing concent ra t ions o f  severa l  types o f  indust r ia l  waste . The

results for sulphur and selenium compounds are shown in Table 17.

E l l i s 's  f ind ings o f  an opt imum DO leve l  for  aquat ic  organ isms

were confirmed by Lackey (1939) who investigated the relat ionship

between dissolved oxygen and the diversity of benthic organisms in the

Shenandoah River (see Table 18). These organisms form an important

element of the f ish food chain and these results could be responsible

f o r  E l l i s ' s  f i n d i n g s . Lackey also found that the number of plankton

species increased from 10 to 23 when the pH range was raised from 1.8-3.9

to  4 .8 -7 .2 .
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Source: E l l i s ,  1937

Figure 26. Relationship Between DO Level
and Percent of Cases with De-
s i rab le  F ish Mix .

Table 17. Su rv i va l  o f  Go ld f i sh  i n  So lu t i ons
of Sulphur and Selenium Compounds
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Table 18. Relat ionship Between Dissolved
Oxygen Level and the Number and
Weight of Benthic Organisms

DO (ppm) No. of Benthic Organisms Weight of Benthic Organisms

6 .0 6 . 5
3 .9

912

8 . 4
108 0 . 4
528 4 . 1

Source: Lackey, 1939

Severa l  invest igators  have a t tempted to  cor re la te  concent ra t ions

of  d isso lved so l ids  wi th  f ish  product iv i ty  in  the Great  Lakes on the

bas is  o f  records dat ing back to  the beginn ing o f  th is  century  (Baldwin

and Saal f ie ld ,  1962;  Beeton,  1965) .  The f ish  were lake herr ing,

b lue p ike,  and ye l low perch,  whereas the d isso lved so l ids  inc luded

sodium,  potass ium,  ca lc ium,  ch lor ide,  and su l fa te .  A l though some

nega t i ve  co r re l a t i on  can  be  no ted  i n  t he  ove ra l l  t r end ,  t he  re l a t i onsh ip

i s  no t  a t  a l l  cons i s t en t . .

On the other hand, f ish density in the Potomac River has been found

to be strongly dependent on the concentrat ion of suspended sol ids (Dow

Chemical Company, 1968). The resu l ts  are d isp layed in  F igure 27,

which shows that  f ish  dens i ty  fa l ls  to  ten percent  o f  the normal  vo lume

at  a  concent ra t ion o f  6000mg/ l . Trout  and shel l f ish  were the pr imary

spec ies  a f fec ted.

In a related study in the Potomac River, the Great Lakes, and

Yaquina Bay,  f ish  dens i t ies  have been re la ted to  concent ra t ions o f

both  suspended so l ids  and Kraf t  mi l l  e f f luents  (Stoevener  e t  a l . ,  1972) .

Spec i f i ca l l y ,  t he  e f f ec t s  o f  exposu re  t o  K ra f t  m i l l  e f f l uen t  on  f l ounde r

in Yaquina Bay are shown in Figure 28.

2. Other  Ef fec ts

Other  e f fec ts  o f  water  po l lu tants  may take the form of  loss  o f

recreation and aesthetic enjoyment, damage to health and materials, and

the  add i t i ona l  expense  o f  t r ea t i ng  mun i c i pa l ,  i ndus t r i a l ,  and  ag r i cu l t u ra l
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Source: Dow Chemical Co., 1968

Figure 27. Relationship Between Suspended Solids
and Trout and Shell f ish Density.

water  supp l ies . Few of these relat ionships have been investigated

s u f f i c i e n t l y  t o  p e r m i t the development of a dose-effect funct ion,

part ly because the pol lutants act in varying combinations and con-

cent ra t ions and par t ly because the e f fec ts  are  d i f f i cu l t  to  measure.

One such function was formulated by Tihansky (1974) l inking total

d isso lved so l ids  concent ra t ion wi th  the l i fe  expectancy o f  household

p lumbing f ix tures. The resu l ts  for  to i le ts  are d isp layed in  F igure 29.
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Source: Based on Stoevener, 1972

Figure 28. Surv iva l  o f  Star ry  F lounder  Af ter  48 Hours
in Various Concentrat ions of KME.

Source: Tihansky, 1974

Figure 29. Relat ionship Between Dissolved Solids
and L i fe  Expectancy o f  To i le ts .
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I I I . ANALYTICAL METHODOLOGY

In sp i te  o f  the potent ia l  impor tance o f  dose-ef fec t  funct ions and

the amount of effort  that has gone into generating the necessary data,

the methodology for developing these functions and handling of the at-

t endan t  p rob lems  and  unce r ta i n t i es  a re  s t i l l  i n  t he i r  i n f ancy .  Th i s  chap -

ter  presents  the f i rs t  comprehens ive and systemat ic  expos i t ion o f  th is  sub-

jec t  by  t rac ing the methodology through the progress ive s tages of  s tudy

design, measurement of ambient levels, determination of exposure, determi-

na t i on  o f  e f f ec t ,  es t ima t i on  o f  f unc t i ona l  r e l a t i onsh ips ,  and  p resen ta t i on

o f  r e s u l t s .

A. DESIGN OF STUDY

Design o f  the s tudy is  a  cruc ia l  s tage in  the dose-ef fec t  deve lopment

process, for  i t  se ts  the pat tern  for  much o f  the subsequent  e f for t  and de-

termines the usefu lness o f  the resu l ts . The major decisions involve selec-

t i on  o f  s tudy  pa rame te rs  and  t ype  o f  s tudy  (ep idem io log i ca l  o r  f i e l d ,  c l i n i -

ca l ,  and  t ox i co log i ca l o r  l abo ra to ry ) .

1. Selection of Study Parameters

The principal parameters to be selected in the design of a dose-

e f f ec t  s t udy  a re :

Pollutants and measures
Effects and measures
Popu la t i on  a t  r i s k
Time frame and geographic coverage

The se lect ion o f  these parameters  is  genera l ly  d ic ta ted by the

in tended use of  the s tudy,  ava i lab i l i ty  o f  data ,  and amount  o f  fund-

ing,  but  spec i f ic  parameters  are  sub jec t  to  add i t iona l  cons iderat ions.

For  example,  the impor tant  cons iderat ions in  se lec t ing a  po l lu tant  for

study may be l isted as fol lows:

Syne rg i s t i c  o r  an tagon i s t i c  i n t e rac t i ons
Meteoro log ica l  condi t ions
Type and unit of measure
Observat ion in terva l
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Cons ide ra t i on  o f  po ten t i a l  syne rg i s t i c  and  an tagon i s t i c  i n te r -

act ions o f  the po l lu tant  under  s tudy wi th  o ther  spec ies that  may be

present  and the impact  o f  cer ta in  meteoro log ica l  condi t ions are l ike ly

to determine the type and amount of data to be col lected. Decision on

type of measure (e.g.,  mean, median, peaks, excesses), units (e.g.,  mi-

crograms per  cub ic  meter  o f  a i r ,  par ts  per  mi l l ion) ,  and observat ion

i n t e r v a l s  ( e . g . , hour ly ,  da i ly ,  month ly ,  annual )  is  governed both by

avai lab i l i ty  o f  data and by the des i red prec is ion and leve l  o f  aggre-

g a t i o n  o f  t h e  r e s u l t s .

Cha rac te r i za t i on  o f  t he  popu la t i on  a t  r i s k ,  i . e . ,  t he  human ,

vegetat ive,  or  mater ia l  popula t ion exposed to  po l lu tants  under  s tudy,

he lps  t o  de te rm ine  i t s  po ten t i a l  suscep t i b i l i t y  t o  va r i ous  l eve l s  o f

a i r  p o l l u t i o n . Consequent ly ,  i t  is  usefu l  in  def in ing more prec ise ly

the e f fec ts  assoc ia ted wi th  a  g iven exposure.  Character iza t ion o f

popu la t i on  a t  r i s k  can  a l so  p rov ide  use fu l  i nd i ca t i ons  f o r  a l l oca t i on

o f  r esou rces  and  se t t i ng  o f  p r i o r i t i e s  i n  a i r  po l l u t i on  aba temen t .

For example, a higher clean-up priori ty could be assigned to an area

con ta in i ng  a  l a rge  popu la t i on  o f  o l de r  peop le  o r  t hose  exposed  to

h igh occupat iona l  po l lu t ion than to  another  area wi th  a  smal ler  popula-

t ion o f  re la t ive ly  heal thy people ,  not  o therwise exposed to  harmfu l

po l l u t an t s . Such decision process can be ref ined further through

c o n t r o l  o f  s p e c i f i c  p o l l u t a n t s .

Human suscept ib i l i ty  and resu l tant  response to  tox ico log ica l  and

phys ica l  s t ress produced by a i r  po l lu tants  is  def ined in  accordance wi th

ce r t a i n  i n t r i ns i c  t r a i t s ,  such  as  age , race,  sex,  and genera l  hea l th ,  as

wel l  as  by  such ext r ins ic  character is t ics ,  as  employment ,  income,  educa-

t iona l  leve l ,  and genera l  env i ronmenta l  condi t ions.  The age subpopula-

t i ons  t ha t  a re  cons ide red  pa r t i cu l a r l y  suscep t i b l e  t o  obse rvab le  e f f ec t s

are the very young (under 20) and the old (over 65). Genetic makeup,

mos t  r ead i l y  de f i ned  a long  rac ia l  l i nes , is  another  predeterminant  o f

s u s c e p t i b i l i t y . Sex, a third determinant, is seldom considered, because

i t  i s  d i s t r i bu ted  f a i r l y  even l y  i n  mos t  commun i t y  s tud ies .
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The type or place of employment is an important indicator of

exposure to  indust r ia l  a i r  po l lu t ion,  and the subpopulat ion engaged

in manufacturing should be identi f ied as a minimum. Educational

leve l  re la tes to  an awareness o f  the need for  proper  nut r i t ion,  hea l th

ca re ,  and  p ro tec t i on  f r om a i r  po l l u t an t s . F ina l l y ,  f am i l y  i ncome

again  cor re la tes wi th  the nut r i t iona l  and heal th  care leve ls ,  but  may

also serve as an ind icator  o f  the wi l l ingness to  pay for  abatement

o f  a i r  po l l u t i on  i n  economic  s tud ies . A l though these in t r ins ic  and

ex t r i ns i c  t r a i t s  and  cha rac te r i s t i c s  a re  no t  cons ide red  e t i o l og i ca l

agents of disease, s tud ies  o f  t he i r  co r re l a t i on  w i t h  hea l t h  e f f ec t s

have  been  he lp fu l  i n  i so la t i ng  t he  l i ke l y  agen ts ,  such  as  spec i f i c

a i r  po l lu tants ,  and in  shaping soc ia l  po l icy .  (Takacs and Shea,  1975) .

2. Ep idem io log i ca l  F ie l d ,  and  C l i n i ca l  S tud ies

Epidemiological studies are by far the most common approach to

the assessment  o f  hea l th  e f fec ts  o f  a i r  po l lu tants .  These s tud ies

invo l ve  co l l ec t i on  o f  ava i l ab le  a i r  qua l i t y  and  hea l t h  e f f ec t s  da ta

and measurement  o f  the i r  re la t ionsh ip  and degree of  cor re la t ion.

Cl in ica l  observat ions o f  ind iv idua ls  who come under  medica l  or  c l in ica l

a t t en t i on  rep resen t  a  r a the r  l im i t ed  sou rce  o f  hea l t h  e f f ec t  i n f o rma-

t i o n . F ie ld  observat ions app ly  to  assessment  o f  a i r  po l lu t ion e f fec ts

on vegetat ion and mater ia ls . In most other respects, these two ap-

proaches are ra ther  s imi lar  to  ep idemio log ica l  s tud ies .

In  the per formance of  ep idemio log ica l  s tud ies ,  the invest igator

can se lec t  to  a  la rge extent ,  but  not  cont ro l ,  compos i t ion o f  the a i r ,

ex tent  o f  exposure,  popula t ion a t  r isk ,  and type of  e f fec ts  sought .

Whenever  feas ib le ,  he should  take in to  account  synerg is t ic  in teract ions

among po l lu tants ,  in f luence o f  such cofactors  as  humid i ty ,  temperature ,

occupational exposure, and smoking habits, as well  as the role of

popu la t i on  cha rac te r i s t i c s ,  i nc l ud ing  age ,  sex ,  r ace ,  and  s ta te  o f

hea l th ,  in  produc ing the observed e f fec ts .  Account ing for  meteoro log i -

ca l  f ac to r s  i s  pa r t i cu l a r l y  impo r tan t  i n  t he  case  o f  f i e l d  s t ud ies ,



because wind,  prec ip i ta t ion,  humid i ty ,  and re la ted fac tors  p lay  a

major  ro le  in  convey ing po l lu tants  to  the p lant  and mater ia l  sub jects

and in the damage mechanism.

Epidemio log ica l  s tud ies may be long i tud ina l  or  c ross-sect iona l .

The former are more common and compare exposure and effects for a

se lected popula t ion in  the same locat ion over  a  per iod o f  t ime.

Cross-sect iona l  s tud ies dea l  w i th  s imi lar  popula t ion groups in  d i f -

fe rent  locat ions dur ing the same per iod o f  t ime.  These s tud ies  are

more suscept ib le  to  mis lead ing in ter ference f rom ext raneous fac tors

that  are  more l ike ly  to  vary  wi th  locat ion than wi th  t ime.

Epidemio log ica l  s tud ies  may a lso be c lass i f ied as re t rospect ive

o r  p r o s p e c t i v e . Retrospective studies can be accomplished more

quickly and are thus more common, bu t  t hey  f o r ce  t he  i nves t i ga to r  t o

make do wi th  f requent ly  inadequate ava i lab le  h is tor ic  data. Pro-

spect ive  s tud ies ,  on the o ther  hand,  invo lve fu ture  observat ions and

af ford  the invest igators  some cont ro l  over  data  co l lec t ion procedures

and format, but accumulation of the necessary data may take a number

of  years.

The great advantage of epidemiological and f ield studies over

other  approaches to  assessment  o f  the e f fec ts  o f  a i r  po l lu tants  is

the large number  o f  ava i lab le  observat ions o f  both a i r  qua l i ty  and

e f f e c t s . Th is  permi ts  the ident i f i ca t ion o f  mass ive t rends which

are not as affected by random errors of observation and dif ferences

in  popu la t i on  cha rac te r i s t i c s . The major drawback is the lack of ef-

fec t ive  cont ro l  over  the type,  qua l i ty ,  and format  o f  the data .

Cl in ica l  observat ions have the advantage of  in tens ive,  exper t

eva luat ion o f  hea l th  e f fec ts ,  but  the data  may not  be read i ly  acces-

s i b l e  because  o f  con f i den t i a l i t y ,  f r agmen ted  s to rage ,  and  d i f f i cu l t y

o f  r e t r i e v a l . Moreover ,  the inherent  se lect ion o f  a  popula t ion wi th

clinical symptoms biases the sample toward the more susceptible groups

and den ies  in format ion on negat ive  e f fec ts .  Th is  approach is  most

su i t ab le  f o r  i nves t i ga t i ng  t he  e f f ec t s  o f  occupa t i ona l  o r  o the r  h i gh l y

local ized exposure.
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F i n a l l y ,  i t  s h o u l d  b e  n o t e d  t h a t  e p i d e m i o l o g i c a l  a n d  f i e l d

s tud ies and c l in ica l  observat ions can on ly  show an assoc ia t ion be-

tween exposure to pol lut ion and the observed effect,  suggesting the

ex is tence o f  a  causat ive re la t ionsh ip .  Such a re la t ionsh ip  can then

be  tes ted  by  t ox i co log i ca l  o r  l abo ra to ry  s tud ies .  I t  can  be  rende red

plausible by the presentat ion of a reasonable connective mechanism, or

o ther  weight  or  reason.

3. Tox ico log ica l  and Contro l led Exper iments

Tox i co log i ca l  i nves t i ga t i ons  i nvo l ve  de l i be ra te  adm in i s t r a t i on

of  cont ro l led doses o f  spec i f ic  po l lu tants  to  an imal ,  and occas iona l ly

human,  sub jec ts  and observat ion o f  the resu l t ing  e f fec ts .  Other  con-

t ro l led exper iments  represent  essent ia l ly  the same approach for  de-

t e rm in ing  e f f ec t s  o f  po l l u t an t s  on  p l an t s  and  ma te r i a l s .  I n  a l l

cases,  the invest igator  can cont ro l  the type and concent ra t ion o f

po l lu tant ,  exposure t ime and ra te ,  composi t ion o f  the popula t ion a t

r isk ,  and the procedure for  observ ing and record ing e f fec ts .

Thus ,  i n  a  t yp i ca l  t ox i co log i ca l  expe r imen t ,  se lec ted  i nb red

animals of uniform strain, weight, age, and sex are exposed to con-

t ro l led amounts  o f  po l lu tant  for  spec i f ied per iods o f  t ime,  and the

resu l t ing e f fec ts  are  noted and recorded.  The exper iment  is  repeated

a number of t imes, with new populat ions and dif ferent exposures, unt i l

a  d e f i n i t e  r e l a t i o n s h i p , or  lack thereof ,  has been estab l ished.  Tox ico-

logical experiments on human subjects are social ly unacceptable in most

instances, with the possible exception of low doses of the less harmful

pol lutants, such as carbon monoxide, photochemical oxidants, and sulfur

d iox ide ,  because  o f  t he  re l a t i ve  m i l dness  and  reve rs i b i l i t y  o f  t he i r

e f f e c t s .

A s imi lar  procedure appl ies  in  o ther  cont ro l led exper iments  in-

v o l v i n g  p l a n t s  a n d  m a t e r i a l s . Control led experiments on the effects

of  ox idants  and other  a i r  po l lu tants  on p lant  growth and y ie ld  have

been conducted in the f ield in side-by-side exposure chambers supplied,

respect ive ly  wi th  moni tored ambient  and f i l te red a i r . The more recent
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chambers are open at the top to admit rainfal l  and thus reproduce

more c lose ly  natura l  condi t ions. Other invest igators have assessed

the ef fec ts  o f  ox idants  by spray ing a l ternate  crop rows wi th  fung i -

cides which protect the plants from ozone.

Because a l l  condi t ions o f  the exper iments  can be s t r ic t ly  con-

t r o l l ed ,  t ox i co log i ca l  and  o the r  s im i l a r  i nves t i ga t i ons  a re  un ique l y

su i ted to  prove the ex is tence or  lack o f  a  causal  re la t ionsh ip  be-

tween dose and effect, In  th is  sense,  these invest igat ions prov ide

va luab le  suppor t ive  ev idence to  ep idemio log ica l  and f ie ld  s tud ies.

On the o ther  hand,  po l lu t ion concent ra t ions requ i red to

demonstrate these effects in the laboratory are seldom experienced in

urban air,  and i t  becomes questionable whether the results of such

exper iments  are  va l id  in  assess ing the e f fec ts  o f  po l lu t ion exposure

of  the genera l  popula t ion. Conve rse l y ,  i f  t he  hypo thes i zed  e f f ec t  i s

sma l l ,  i t  may  no t  be  p rac t i ca l  t o  t es t  f o r  i t  w i t h i n  t he  t empo ra l

con t ra i n t s  o f  a  con t ro l l ed  expe r imen t .  Mo reove r ,  d i f f e rences  i n

phys io logy ,  l i f e  span ,  and  dose  ra te  make  i t  d i f f i cu l t  t o  ex t rapo la te

results from animal studies to human effects.

4. Surveys

Surveys can serve two important needs in assessing the effects

o f  a i r  p o l l u t a n t s : amp l i f i ca t i on  o f  hea l t h  e f f ec t  da ta  and  repo r t i ng

o f  l e ss  t ang ib l e  e f f ec t s . The typ ica l  too ls  o f  surveys are mai led

questionnaires and personal interviews.

Amp l i f i ca t i on  o f  hea l t h  e f f ec t  da ta  t yp i ca l l y  i nvo l ves  l ea rn ing

about the background of a sample of people who died from a particular

d i sease  t o  i den t i f y  imp l i ca ted  f ac to r s .  I n fo rma t i on  o f  i n t e res t  may

inc lude genera l  s ta te  o f  hea l th ,  smoking habi ts ,  and occupat iona l  ex-

posure. In  o ther  cases,  sub jects  o f  a  morb id i ty  invest igat ion are

requested to maintain diaries, where they note the occurrence and di-

rection of any adverse symptoms. These surveys share many of the

cha rac te r i s t i c s  o f  ep idem io log i ca l  and  f i e l d  s t ud ies ,  excep t  f o r  t he

actua l  method o f  data  co l lec t ion.
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Assessment  o f  the less  tang ib le  aesthet ic  e f fec ts  o f  a i r  po l -

lu tants  invo lves in terv iews to  gauge changes in  pub l ic  op in ion and

behav io r  r esu l t i ng  f r om pe rcep t i on  o f  impa i red  v i s i b i l i t y ,  so i l ed

sur faces,  o f fens ive odors ,  or  smar t ing eyes. I n  add i t i on  t o  t he

common publ ic opinion pol l ,  some of the techniques for gauging these

changes in  op in ion and behav ior  inc lude est imat ion o f  w i l l ingness to

pay for  po l lu t ion reduct ion through the so-ca l led b idd ing games and

de te rm ina t i on  o f  l osses  i n  p rope r t y  va lues .  Th i s  a f f o rds  t he  ra re

oppor tun i ty  o f  in fer r ing a  dose-ef fec t  funct ion f rom an economic

r e l a t i o n s h i p . Unfor tunate ly ,  surveys of  publ ic  op in ion and behavior

are notor ious ly  imprec ise and prov ide at  best  on ly  a  qual i ta t ive as-

sessmen t  o f  t he  aes the t i c  e f f ec t s  o f  a i r  po l l u t an t s . Proper educa-

t ion o f  the sub ject  and min imal  b ias  in  the quest ion ing can he lp  to

imp rove  t he  va l i d i t y  o f  t he  resu l t s .
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B. MEASUREMENT OF AMBIENT LEVELS

Measurement  o f  ambient  leve ls  o f  po l lu tants ,  the f i rs t  s tep in  the

development of a damage function, is  compl icated by the substant ia l

var ia t ions o f  these concent ra t ions in  both  space and t ime,  d iverse

locations of receptors and monitor ing instruments, inadequate sampling

and measurement techniques, and inconsistent expression and aggregation

o f  r e s u l t s . These problems are taken up here in turn, in preparation

for the second step - determinat ion o f  exposure,  in  the next  sect ion.

1. Formation of Ambient Levels

Ambient pol lutant levels are governed by physical and chemical

processes experienced by pol lutants in the atmosphere under the

in f luence o f  meteoro log ica l  and topographic  fac tors . The important

cons iderat ions here are  the nature  o f  po l lu tant  sources,  the

atmospheric processes, and the i r  impact  on a i r  qua l i ty .

Po l l u tan t  em iss ion  sou rces  may  be  c l ass i f i ed  on  t he  bas i s  o f

the i r  mobi l i ty  in to  s ta t ionary  and mobi le  sources;  on the bas is  o f

the i r  s ize and shape,  in to  po in t ,  l ine,  and area sources;  on the ba-

s is  o f  the i r  e levat ion,as ground- leve l  or  e levated sources;  and on the

bas is  o f  emiss ion cont inu i ty ,  as  cont inuous or  in termi t tent  sources.

At t imes, however, some of these dist inct ions become blurred. Thus,

emissions from a highway, normally considered a stat ionary l ine source,

are actual ly contr ibuted by numerous mobile point sources, and emissions

from a number of home heating furnaces are typical ly lumped together

as arising from a dif fuse area source.

Upon leav ing the i r  respect ive  sources,  po l lu tants  are  sub jected

to a number of physical and chemical processes that are responsible

for  the i r  t ranspor t ,  mix ing,  d ispers ion,  and removal ,  as  wel l  as

format ion o f  secondary  po l lu tants .  The phys ica l  processes are

governed both by meteorological factors, such as wind speed and

d i rec t i on ,  t empera tu re  d i s t r i bu t i on ,  and  p rec ip i t a t i on ,  and  by

topographic  features,  inc lud ing mounta ins ,  va l leys,  and water  bod ies,

as wel l  as by human act ivi t ies.
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Temperature distr ibut ion in the atmosphere overlying the sources

determines the mix ing he ight  - an e f fec t ive  ce i l ing ,  under  which

po l l u tan t s  a re  m ixed  and  d i spe rsed  by  a i r  t u rbu lence .  P rec ip i t a t i on

cleanses the atmosphere by dissolving, adsorbing, or sweeping the

pol lu tants  and br ing ing them down to  ear th .  The larger  par t ic les

set t le  out  on the i r  own under  the force o f  grav i ty .

Topographic  features prov ide la tera l  conta inment  or  vent i la t ion

fo r  t he  m ix ing  l aye r . Impact of human act ivi t ies on atmospheric

p rocesses  i s  bes t  i l l u s t r a ted  by  t he  so -ca l l ed  hea t  i s l and  e f f ec t .

Large amounts of waste heat ejected by an urban area tend to set up

a c losed convect ion ce l l ,  in  which a i r  r ises over  the urban area,

diverges outward in the upper layers of the atmosphere, descends over

the ad jacent  rura l  areas, f o rm ing  seconda ry  po l l u tan t s ,  and  f i na l l y

converges inward in the lower atmospheric layers. I n  e f f e c t ,  t h e

pol lu tants  are  t rapped,  conver ted,  and rec i rcu la ted wi th in  the

me t ropo l i t an  reg ion ,  m ix i ng  p r ima ry  po l l u tan t s  f r om the  c i t y  w i t h

secondary  po l lu tants  f rom the count rys ide.

Secondary pol lutants are produced by chemical reactions in the

atmosphere which are affected by temperature, humidity, and the sun's

u l t r a v i o l e t  r a d i a t i o n . The more prominent react ions are the formation

of  photochemica l  ox idants  by var ious combinat ions o f  po l lu tants ,

inc lud ing n i t rogen d iox ide and hydrocarbons,  ox idat ion of  su l fur

d iox ide and n i t rogen d iox ide to  the more hazardous n i t ra tes and su l fa tes,

respect ive ly ,  generat ion o f  par t icu ta tes by vapor  condensat ion,  and

adsorpt ion o f  gaseous po l lu tants  on par t icu la te  sur faces.

2. Problems of Measurement

At tempts  to  re la te  ambient  leve ls  to  po l lu tant  emiss ions re ly

on analy t ica l  and s ta t is t ica l  models  o f  the var ious phys ica l  and

chemical processes described above. Analyt ical models are based on

a postulated and val idated mathematical relat ionship between ambient

leve ls  and po l lu tant  emiss ion pat terns,  w i th  meteoro log ica l  and

topographic  fac tors  as add i t iona l  independent  var iab les.
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Stat is t ica l  models ,  on the o ther  hand,  use h is tor ic  data  to

relate observed ambient levels to various meteorological parameters,

assuming that emission patterns remain constant. A l l  o f  t hese

models  re ly  on cer ta in  cr i t i ca l  assumpt ions about  emiss ion,

me teo ro log i ca l , and/or  topographic  pat terns. Their accuracy

depends both on how well  these assumptions hold for the si tuat ion

at  hand and on the ava i lab i l i ty  o f  suf f ic ient  measurements  to

ca l ib ra te  the model .

Because of  the poor  ava i lab i l i ty  o f  h is tor ic  emiss ion data  and

t h e  d i f f i c u l t y  o f  a p p l y i n g  a n a l y t i c a l  a n d  s t a t i s t i c a l  m o d e l s ,  n e a r l y  a l l

attempts at developing dose-effect funct ions have rel ied on measured

va lues o f  ambient  concent ra t ions o f  spec i f ic  po l lu tants . Such data

have been co l lec ted s ince the la te  1950 's  by the Nat iona l  A i r

Surveillance Network (NASN) and since 1962 by the Continuous Air

Monitoring Program (CAMP). M o r e  r e c e n t l y ,  a v a i l a b i l i t y  o f  a i r  q u a l i t y

data has been bolstered by enactment of the Clean Air Act, which

requires that each state measure and report ambient concentrat ions of

t o ta l  suspended  pa r t i cu la tes ,  su l f u r  d i ox ide ,  n i t r ogen  d iox ide ,

photochemical oxidants, and carbon monoxide. Both Federal and state

data are supplied to the U.S. EPA National Aerometric Data Bank (NADB),

where they are ava i lab le  for  publ ic  use.

The key dilemmas in measurement of ambient levels are:

Dec is ion on prec ise ly  which po l lu tant  spec ies is
to be measured

Select ion o f  the most  appropr ia te  analy t ica l  technique

Location of the sampling and monitoring equipment

Presentat ion of data.

The major pol lutants investigated in development of the dose-

ef fec t  funct ions rev iewed in  Chapter  I I  and the cor responding s tud ies

a re  l i s t ed  i n  Tab le  19 .  I t  w i l l  be  no ted  t ha t  su l f u r  d i ox ide  and

par t icu la tes represent  by  far  the most  s tud ied po l lu tants .  A good

i l l us t r a t i on  o f  t he  f i r s t  d i l emma l i s t ed  above  i s  p resen ted  by

the measurement of sulfur dioxide and part iculates as proxies for
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Table 19. Pollutants Identified in Development of Dose-Effect Functions

Pollutant Health Effects Vegetation Materials

Particulates,
smoke shade,
coefficient of
haze, soiling
index, dust

Buechley et al., 1973;
Glasser and Greenburg,
1971; Hagstrom et al.,
1967; Hodgson, 1970;
Jaksch, 1973; Schimmel and
Greenburg, 1972; Schimmel
and Murawski, 1975;
Silverman, 1973; Sterling
et al., 1966, 1967, 1969;
Winkelstein, 1967, etc.;
Zeidberg et al., 1964,
1967

Beloin and Haynie, 1973;
Booz, Allen and Hamilton;
Campbell, 1972; Mattson
and Holm, 1968; Michelson
and Tourin, 1967; Robinson,
1972

Sulfur dioxide Buechley et al., 1973; Bleasdale, 1973; Davis, Aziz and Godard, 1959;

[;X$ j sul fat!3 Durham, 1974; Finklea 1972; Dochinger et al., Brysson et al., 1967;
et al., 1975; Glasser and 1972; Guderian et al., Gauri and Sarma, 1973;
Greenburg, 1971; Hagstrom 1960; Hil l et al., 1974; Guttman, 1968; Haynie,
et al., 1967; Hodgson, Linzon, 1966; Mansfield and 1976; Haynie and Upham,
1970; Lave and Seskin, Bull, 1972; Menser and 1970, 1971; Mattson and
1973. in press; McDonald Heggestad. 1966; O'Gara, Holm, 1968; Sereda, 1960;
and Schwing, 1973; Schimmel 1922; Stone and Skelly, Spence et al., 1974
and Greenburg, 1972; 1974; Temple, 1972
Schimmel and Murawski,
1975; Sprey et al., 1974;
Sterling et al., 1966, 1967,
1969; Winkelstein et al.,
1967, etc.; Zeidberg et al.,
1964, 1967

Nitrogen dioxide
(tiO2), n i t r i c

Chapman et al., 1973; Hi l l  e t  a l . ,  1974; Salvin, 1972; Upham
Durham, 1974; Hammer, Stone and Skelly, 1974; e t  a l . ,  1974

oxide (NO) 1974; Lave and Seskin, Taylor and Eaton, 1966;
in press; McDonald and Thompson and Taylor, 1969;
Schwing, 1973; Pearlman, Thompson et al., 1971
1971; Shy et al., 1970,
1973; Sprey et al., 1974;
Sterling et al., 1966,
1967, 1969

Photochemical
oxidants

Durham, 1974; Hammer, Barnes, 1972; Botkin et al., Haynie and Upham, 1971;
1974; Hexter and Goldsmith, 1971; Brewer and Ferry, Salvin, 1972
1971; Sterling et al., 1974; Costonis and Sinclair,
1966, 1967, 1969; Wayne and 1969; Davis and Wood, 1972;
Wehrle, 1969 Feder, 1970, 1972; Feder et

al., 1972; Heagle and Heck,
1974; Heck and Tingey, 1971;
Heck et al., 1966;
Heggestad, 1973; Linzon,
1966; Menser and Heggestad,
1966; Miller, 1973; Thompson,
1975; Thompson and Kats,
1975; Thompson and Taylor,
1969; Thompson et al., 1972;
Turner et al., 1972

Carbon monoxide Anderson et al., 1973;
Aronow et al., 1972, 1973,
1974; Hammer, 1974; Hexter
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sulfates, or perhaps some other unsuspected pol lutant,  once i t  became

ev ident  that  SO2 a lone is  not  a  major  cause o f  adverse hea l th  e f fec ts .

Invest igators  have turned to  a  number  o f  add i t iona l  ind ices re la ted

to  par t icu la te  concent ra t ions,  such as  smoke shade,  coef f ic ient  o f

haze (COH), and soi l ing index. F ink lea et  a l .  (1975)  went  on to

develop an empi r ica l  re la t ionsh ip  between su l fur  d iox ide and su l fa te

l e v e l s .

The remaining three di lemmas are taken up in more detai l  in the

sec t i ons  t ha t  f o l l ow .

3 . Methods of Measurement

A detai led discussion of the various methods of sampling and

measu r i ng  t he  concen t ra t i on  o f  spec i f i c  a i r  po l l u tan t s  i s  c l ea r l y

beyond the scope of this report. However, the general characterizat ion

of these methods and of the attendant problems and errors is an essential

element of the methodology for developing dose-effect funct ions. The

pr inc ipa l  character is t ics  o f  moni tor ing methods are :

Sampling frequency
S p e c i f i c i t y
Accu racy  and  p rec i s i on ,  o r  r ep roduc ib i l i t y .

A sampling can be performed in either a batch-type or a continuous

mode. The f irst mode involves sampling the air over a predetermined

period of t ime and is fol lowed by an analysis of the accumulated

sample. Th is  may be i l lus t red by the h igh-vo lume sampler  that  co l lec ts

par t icu la tes  on a  f iber  f i l te r ,  o r  the West -Gaeke-su l famic  ac id

technique for  su l fur  d iox ide,  which re l ies  on bubbl ing a i r  through

an absorbent  so lu t ion. The batch-type mode typical ly yields 24-hour

average concent ra t ions and ob l i te ra tes d iurna l  var ia t ions.

The continuous sampling mode, i l lus t ra ted by the chemi luminescent

technique for ozone measurement, yields a continuous index of pol lutant

l e v e l . This output can be displayed on chart paper and digital readout

units, or stored in a magnetic memory. In tegrat ion and averag ing of

these results over a preselected period of t ime can be accomplished

w i t h  t h e  a i d  o f  e l e c t r o n i c  c i r c u i t r y .
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S p e c i f i c i t y  a n d  s e l e c t i v i t y  r e f e r  t o  t h e  a b i l i t y  o f  a  g i v e n

method to  measure the concent ra t ion o f  a  par t icu lar  po l lu tant  in

the  p resence  o f  o the r ,  po ten t i a l l y  i n te r f e r i ng  spec ies .  Accu racy ,

p r e c i s i o n ,  a n d  r e p r o d u c i b i l i t y  r e f l e c t  t h e  p r o x i m i t y  o f  r e p l i c a t e

measurements to the true value and to one another. These considerat ions

weigh heavi ly in the approval and acceptance by the U.S. EPA of the

numerous measurement methods available.

The U.S. EPA has classif ied al l  air  qual i ty measurement methods

in to  t h ree  ca tego r i es :  app roved , unacceptable, and unapproved (neither

approved nor unacceptable). At  present ,  on ly  the Federa l  Reference

Methods (FRM) have been off icial ly approved. These are described in

appendices to 40 CFR Part 50, original ly promulgated with the National

Ambient Air Quali ty Standards on 30 Apri l  1971. These appendices also

introduced the concept of an "equivalent method", which provides that

a method may become approved only by demonstrating equivalence to

the reference method. (U.S. EPA, 1974).

The

below:

Federa l  Reference Methods for  severa l  po l lu tants  are l is ted

Total suspended part iculates -- High volume sampler is
the only acceptable method

Su l fu r  d iox ide -- The manual West-Gaeke-sulfamic acid
(24-hour bubbler) method is the Federal Reference Method
and other manual methods are unacceptable; continuous
methods are unapproved

N i t rogen  d iox ide  - - The manual NASN bubbler method is
considered unacceptable; al l  other methods are unapproved

Photochemical oxidants (ozone) -- Continuous chemi-
luminescent method is the Federal Reference Method
spec i f i c  f o r  ozone ; a number of other methods for total
oxidants are designated unacceptable

Carbon monoxide --  The non-d ispers ive in f rared (NDIR)
is the Federal Reference Method; other methods are
unapproved

Total hydrocarbons (corrected for methane) -- Gas
chromatographic f lame ionization is the Federal Reference
Method.
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I t  should be noted that there are presently no acceptable techniques

for  measur ing the very  impor tant  po l lu tants  n i t rogen d iox ide,  n i t ra tes,

and su l fa tes ,  and ind i rec t  techn iques sub ject  to  la rge er rors  and

uncertaint ies must be used. In the case of a number of other pol lutants,

past techniques have been modif ied or altogether replaced, destroying

t h e  c o n t i n u i t y  o f  h i s t o r i c  a i r  q u a l i t y  r e c o r d s .

Errors in measurement of air qual i ty are associated with both

sampling procedures and analyt ical techniques. I n  t h e  f i r s t  i n s t a n c e ,

errors arise from inadequate control of the volume of air sample

through mal funct ions o f  pumps,  f low meters ,  or  o ther  f low regu la t ing

dev i ces ,  as  we l l  as  f r om non -un i f o rm  re ten t i on  i n  t he  f i l t e r  o r  f l u i d .

Error  in  ana ly t ic  techniques can be at t r ibuted to  human er ror ,  as

wel l  as  to  mal funct ions o f  the ana ly t ic  equ ipment .

4. Location of Monitoring Equipment

Adequate representat ion o f  ambient  a i r  qua l i ty  requi res both

a suf f ic ient  number  o f  moni tor ing s ta t ions and the i r  jud ic ious

p lacement  in  the area under  invest igat ion.  The f i rs t  requ i rement

is  sub ject  to  budgetary  const ra in ts  on the cap i ta l  out lay  for  equ ip-

ment and the costs of operat ion and data handl ing. Both tasks are

necessitated and considerably complicated by the heterogeneity of

the po l lu tant  concent ra t ion f ie ld  engendered by non-un i form emiss ion

patterns and atmospheric processes.

S tud ies  o f  a i r  po l l u t i on  hea l t h  e f f ec t s  r evo l ve  a round  ava i l ab le

a i r  qua l i ty  data,  but  no metropol i tan area systemat ica l ly  moni tors

a l l  o f  t he  a i r  po l l u tan t s  a l l eged  t o  a f f ec t  hea l t h .  Consequen t l y ,

a t t r i bu t i on  o f  impo r tan t  hea l t h  e f f ec t s  t o  ce r t a i n  a i r  po l l u t an t s

may well have been missed. As a  case in  po in t ,  recent  invest igat ions

o f  t he  ch ron i c  hea l t h  e f f ec t s  o f  n i t r ogen  d iox i de  i nd i ca te  t ha t  t he

nat iona l  s tandard,  es tab l ished on the bas is  o f  very  scant  ev idence,

is  substant ia l ly  too h igh.  (Sprey and Takacs,  1973) .

Lack o f  suf f ic ient  moni tor ing s ta t ions is  a  very  ser ious prob lem

tha t  has  p lagued  nea r l y  eve ry  i nves t i ga t i on  o f  e f f ec t s  o f  a i r  po l l u tan t s .

In urban areas, i t  has meant inadequate representat ion of exposure
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f o r  t he  popu la t i on  a t  r i s k . The v i r tua l  absence o f  moni tor ing s ta t ions

in rural areas has frustrated attempts to assess crop damage from

recent ly  d iscovered h igh leve ls  o f  photochemica l  ox idants .

Common cr i ter ia  for  s i t ing moni tor ing equ ipment  are :

Populat ion densi ty
Absence of nearby or upwind pol lut ion sources
A c c e s s i b i l i t y ,  l o g i s t i c s ,  a n d  s e c u r i t y .

The  f i r s t  c r i t e r i on  ca l l s  f o r  p l acemen t  i n  t he  m ids t  o f  t he

h ighes t  popu la t i on  dens i t y  i n  an  e f f o r t  t o  r e f l ec t  t he  amb ien t  qua l i t y

experienced by the greatest number of receptors. One major flaw here

is  that  people are h igh ly  mobi le . Another  is  that  some po l lu t ion

sources (e .g . , automobi les  or  space heat ing)  e f fec t ive ly  move wi th

people on a diurnal basis. F i n a l l y ,  t h i s  c r i t e r i o n  c a n n o t  a p p l y  t o

secondary  po l lu tants  (e .g . ,  photochemica l  ox idants ,  su l fa tes ,  and

nitrates) which are formed through atmospheric processes, often at

large d is tances f rom both the h igh popula t ion dens i t ies  and the

assoc ia ted sources o f  pr imary  po l lu tants .

The second cr i te r ion,  concerned wi th  improv ing representat ion o f

the measured va lues for  the largest  geographic  area,  ca l ls  for  p lacement

of the monitoring stat ion away from automobile exhausts and stacks of

power  o r  i ndus t r i a l  p l an t s . T h i s  c r i t e r i o n  i s  f r e q u e n t l y  i n  c o n f l i c t

w i th  the f i rs t  one,  in  as  much as emiss ion sources tend to  co inc ide wi th

h igh  popu la t i on  dens i t i es , espec ia l ly  in  the case of  automobi le  exhausts .

A c c e s s i b i l i t y ,  l o g i s t i c s , and  secu r i t y  usua l l y  t u rn  ou t  t o  be  t he

m o s t  o p e r a t i v e  c r i t e r i a , f o r  o b v i o u s  p r a c t i c a l  r e a s o n s .  T y p i c a l l y ,  t h i s

imp l i es  a  r oo f t op  l oca t i on ,  equ ipped  w i t h  an  e l eva to r ,  su f f i c i en t  e l ec t r i c

power, and a lockable enclosure. Here again, the sensors are considerably

removed from the great mass of receptors at street level.

I n  l i g h t  o f  t h e s e  c o n f l i c t s , l oca t i on  o f  a  mon i t o r i ng  s ta t i on

invariably represents a compromise, where some virtues are given up for

the sake of others. Physical remoteness between sensors and receptors

looms as the largest problem. On the other hand, recognit ion of a
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mistaken location does not solve the problem either, because moving

the monitor ing equipment to a more optimal location often involves

the  g rea te r  ev i l  o f  l os i ng  con t i nu i t y  o f  h i s to r i c  a i r  qua l i t y  r eco rds .

5. Presentat ion of Data

Presentat ion o f  ambient  a i r  qua l i ty  data  invo lves a  three- fo ld

concern far  data  re t r ieva l ,  aggregat ion,  and d isp lay. Data re t r ieva l

is very much governed by the state of technology and budgetary

cons t r a i n t s . State  o f  aggregat ion is  d ic ta ted in  par t  by  the nature

of sampling equipment and by the intended use of the results.

Display format should be guided only by the intended use of the

r e s u l t s .

Unti l  recently, monitoring data have been recorded by hand, or

on  s t r i p  cha r t  dev i ces , and considerable effort has been required to

transfer such information to computer records. Automated systems

now in  use in  some locat ions are capable  o f  t ransmi t t ing data  d i rec t ly

t o  a  cen t ra l  da ta  acqu i s i t i on  and  s to rage  f ac i l i t y .  The  manua l  l abo r

required to analyze chemical ly many samples and to review and verify

recorded data has been so extensive that there exists a considerable

back log of  inaccess ib le  data,  par t icu lar ly  in  Federa l  programs.

For example, detai led summaries of the National Aerometric Survei l lance

Network (NASN) observations reported by stat ion are only avai lable

through the year 1968. The recent implementat ion of the Storage

and Retrieval of Aerometric Data (SAROAD) dissemination programs by

U.S. EPA is expected to improve this si tuat ion.

Because of the many problems in station operation and maintenance,

ex is t ing data  are o f ten in termi t tent  and of  quest ionable  accuracy.

Over the years, comparat ive ly  l i t t le  e f for t  has been devoted to

quali ty assurance of data and to the determination of equivalency

for methods where methodology has been changed or equipment upgraded.

The degree of uniformity in Continuous Air Monitoring Program (CAMP)

data has been checked from t ime to t ime and the qual i ty control of

data from the Cali fornia Air Resources systems is wel l  documented.

However ,  less than ha l f  o f  the present  data  ava i lab le  in  the Nat iona l

Aerometric Data Bank (NADB) are considered valid an a national basis.
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Aggregat ion of  a i r  qua l i ty  resu l ts  can be carr ied out  on both

a temporal and a spatial  basis. In  the f i rs t  ins tance,  the common

uni ts ,  beyond ins tantaneous or  cont inuous readings,  are hour ly ,

dai ly, monthly, and annual averages, as well  as the frequency or

length of t ime that the measured values exceeded a given level,  such

as  a i r  qua l i t y  s tanda rds . Assessments of acute effects associated

wi th  shor t  exposures re ly  on hour ly  or  da i ly  averages,  as wel l  as

on 90th or  99th percent i les  o f  the da i ly  averages,  or  on the f requency

of  v io la t ion o f  the shor t - term s tandard,  over  a  per iod o f  one year .

Chronic  e f fects  are more l ike ly  to  re la te  to  month ly  or  annual

ari thmetic or geometr ic means, or  the length  o f  t ime dur ing which

the long- term s tandard has been exceeded.  Spat ia l  aggregat ion o f

a i r  qual i ty  data may take p lace over  a  c i ty ,  county ,  or  SMSA, over

a reg ion, such  as  an  a i r  qua l i t y  con t ro l  r eg ion ,  ove r  a  s ta te ,  o r

over  the ent i re  count ry . Certain combinations of temporal and

spa t i a l  agg rega t i ons  a re  no t  ve ry  p rac t i ca l  ( e .g . ,  s t a te  hou r l y

averages or  nat ional  da i ly  averages) .

Air qual i ty data, as most other measurements, may be displayed

numer ica l ly  and graphica l ly . Most gaseous concentrat ions are reported

in  micrograms per  cub ic  meter  o f  a i r  (uq/m3),  or  in  vo lume par ts

per  mi l l ion  (ppm),  but  o ther  un i ts  have been adopted to  su i t  spec i f ic

needs. For example, sett leable part iculates may be measured in a

dus t  f a l l  j a r  as  mass  pe r  un i t  a rea  and  t ime .  Exp ress ion  o f  po l l u t an t

l eve l s  as  a  f r ac t i on  o f  t he  co r respond ing  na t i ona l  a i r  qua l i t y  s tanda rd

has been found usefu l  by  some invest igators .  Graphic  representat ion

of  a  po l lu tant  concent ra t ion f ie ld  over  an area may take the form

of  equal  concent ra t ion isop le ths  for  a  g iven set  o f  meteoro log ica l

cond i t i ons . P robab i l i t y  o f  occu r rence  o f  ce r t a i n  po l l u tan t  concen t ra t i ons

over a given area may be presented in the form of a "pol lut ion rose"

i nd i ca t i ng  f r equenc ies  o f  occu r rence  o f  va r i ous  po l l u t i on  l eve l s .

97



C. DETERMINATION OF EXPOSURE

The exposure to  a i r  po l lu tants ,  which is  respons ib le  for  the observed

e f f ec t s  i n  a  dose -e f f ec t  s t udy ,  i s  c l ose l y  r e l a ted  t o  t he  amb ien t  po l l u t an t

levels discussed in the preceding section. Here we take up the problems

assoc ia ted wi th  th is  t rans la t ion o f  ambient  leve l  in to  a  measure o f

exposure. The material is presented under the headings of dose and dosage,

mobil i ty, shielding, and uptake, and measures of exposure.

1. Dose and Dosage

Exposure is typical ly measured as some formulat ion of ambient con-

centrat ion levels and their durat ion, which may be expressed as a "dos-

age" or "dose". Dosage is the integral of the t ime and ambient concen-

trat ion to which the subject has been exposed, whi le dose represents

that  f rac t ion o f  the dosage that  has been ins t rumenta l  in  produc ing the

observed e f fec t . In  the case o f  hea l th  e f fec ts ,  th is  is  the amount  ac-

tua l ly  inha led and re ta ined,  whereas.  for  p lants  and mater ia ls  i t  i s  the

por t ion  that  comes in to  ac tua l  contac t  w i th  the suscept ib le  sur faces.

The d i rec t  measurement  o f  dose is  ne i ther  pract ica l  nor  necessar i ly  de-

s i rab le  for  most .  app l ica t ions, as long as the same analog of dose, such

as average or peak concentrat ion and dosage, is used both in the formu-

l a t i on  and  i n te rp re ta t i on  o f  dose -e f f ec t  f unc t i ons .

An important concept in the determination of exposure is the

dose  ra te ,  o r  t he  va r i a t i on  o f  concen t ra t i on  l eve l  w i t h  t ime .  Acu te

ef fec ts  and those character ized by a  def in i te  threshold  leve l  are

produced when ambient concentrat ion exceeds a certain level.  In

these cases, one is concerned primari ly with the length of t ime during

which ambient concentrat ion exceeded that level.  On the other hand,

chron ic  and cumulat ive e f fec ts  are  l ike ly  to  resu l t  f rom exposure

at al l  concentrat ions, and here dosage is the more appropriate measure.

The commonly measured gross dosage is the integral of concentra-

t ion and t ime recorded at  the moni tor ing s ta t ion.  The d i f fe rence be-

tween this quanti ty and dose may be accounted for by several important

f a c t o r s :
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Non-un i f o rm i t y  o f  t he  po l l u t i on  f i e l d
Mob i l i t y  o f  sub jec t s
Shie ld ing o f  sub jects
Uptake character is t ics .

The  f i r s t  o f  t hese  i s  conce rned  w i t h  l i ke l y  d i f f e rences  i n

concentrat ion between location of the sampling instrument and the

s u b j e c t s . The second factor refers to the dai ly commuting, weekend

and vacation travel,  and long-term migrat ions of the human populat ion.

The th i rd  fac tor  dea ls  w i th  d i f fe rences in  ambient  concent ra t ions

between the outdoors, where monitor ing stat ions are located, and

the indoors, where the bui lding enclosure provides some shielding

for the human populat ion. F ina l l y ,  up take  cha rac te r i s t i c s  de te rm ine

how ef f ic ient ly  the ambient  concent ra t ion a f fec ts  the sub jec t .

Non-uni formi ty  o f  the po l lu t ion f ie ld  was taken up in  the

preceding sect ion. The other factors are discussed below.

2. Mobi l i ty ,  Shie ld ing,  and Uptake

Exposure o f  s ta t ionary  sub jec ts ,  i .e . ,  p lants  and most  mater ia ls ,

is  determined by the dynamics o f  the po l lu t ion f ie ld  a lone. However,

for humans, animals, and other moving subjects, exposure is governed

both by mot ion of  the po l lu t ion f ie ld  and by the i r  own mobi l i ty .

Human mobil i ty takes the form of dai ly commuting and shopping tr ips

between residential  neighborhoods, commercial and industr ial  areas,

and shopping centers, weekend and vacation travel to the less pol-

lu ted count rys ide,  and migrat ions to  reg ions o f  the count ry  promis ing

g rea te r  oppo r tun i t y ,

S tud ies  o f  a i r  po l l u t i on  hea l t h  e f f ec t s  have  f r equen t l y  i gno red

the issue of human mobil i ty, because there is no expedient way to as-

sess  i t s  i n f l uence . Ins tead,  i t  i s  f requent ly  assumed that  shor t - term

mob i l i t y  w i l l  he lp  ave rage  ou t  t he  non -un i f o rm i t i es  i n  t he  po l l u t i on

f ie ld ,  and that  long- term mobi l i t ies  are  not  too d i f fe rent  among the

var ious popula t ions under  s tudy. The Federal Highway Administrat ion

has data on traffic zones between places or residence and employment

for some 123 SMSAs which could provide some insight into this issue.
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The need to  cons ider  the e f fec t  o f  sh ie ld ing by bu i ld ing en-

closures on exposure is underl ined by the fact that an overwhelming

por t ion o f  the U.S.  popula t ion spends some 85 percent  o f  i ts  l i fe

indoors . Th is  is  espec ia l ly  t rue in  the more po l lu ted urban areas,

a l though there is  no in format ion on the f requency d is t r ibut ion.

Actual ly, indoor atmospheres may be more pol luted in some respects,

par t icu lar ly  in  manufactur ing and process ing p lants  and in  res idences

wi th  fau l ty  heat ing equipment .

The ef fec ts  o f  var ious bu i ld ing enc losures on a i r  qua l i ty  have

been investigated by Yocom et al. (1971) and Wade et al. (1974).

The i r  sa l ient  conc lus ions were as  fo l lows:

I ndoo r  concen t ra t i ons  o f  pa r t i cu la tes  va ry  f r om
20 percent  o f  outdoor  concent ra t ion for  pub l ic
bu i ld ings in  the winter  to  near ly  100 percent
for private homes in the summer

Large par t ic les  and the more react ive  po l lu tants ,
such as S02, N02, and ozone are probably  fa i r ly
well  removed by bui lding enclosures

Carbon monoxide readi ly  penet ra tes a l l  s t ructures

Gas stoves contribute N02, NO, and CO emissions and
raise indoor concentrat ions above those of the outdoors.

Uptake of air pollutants by humans and animals, on one hand, and

plants  and mater ia ls , on  t he  o the r ,  exh ib i t s  impo r tan t  d i f f e rences .

The former ,  somet imes termed "ac t ive"  receptors ,  br ing po l lu tants  in

contact  w i th  the suscept ib le  sur faces through inha la t ion and swal lowing

of  the po l lu tant - laden mucus. Here the ra te  o f  uptake is  a  funct ion

of  breath ing ra te ,  lung capac i ty ,  and nasal  and c i l ia r  defense

mechanisms,  and i t  remains fa i r ly  constant  for  an ind iv idua l  a t  a

g i v e n  l e v e l  o f  a c t i v i t y .

Conversely, plants and stat ionary material objects are dubbed

"passive" receptors, because pol lutants are brought up and removed

by externa l  meteoro log ica l  fac tors ,  such as wind and a i r ,  wh i le

humidity and temperature play a major role in the attack mechanism.
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In this case, the rate of uptake depends not only on these meteorolo-

g i c a l  c o n d i t i o n s , but  a lso on the a t t i tude and tex ture  o f  the suscep-

t ible surface and the presence of any protect ive mechanism, such as a

vapor  bar r ier  formed by evapot ransp i ra t ion f rom a leaf 's  sur face.

3. Measures of Exposure

The three measures of exposure are various forms of concentrat ion,

dosage, and dose and their appl icabi l i ty depends on the type of

po l l u t an t  and  e f f ec t  unde r  i nves t i ga t i on .  I n  ac tua l  p rac t i ce ,  seve ra l

dif ferent measures may be tr ied and the one exhibit ing the best

co r re l a t i on  w i t h  t he  e f f ec t s  sough t  i s  se lec ted .  Mo reove r ,  i t  may

be useful to construct composite indices, made up of several measures

of  exposure,  that  would  y ie ld  an even bet ter  cor re la t ion.

The simplest measures, of course, are average concentrat ion during

a g iven per iod o f  t ime,  or  converse ly ,  t ime at  a  g iven leve l  o f  concen-

t r a t i o n . These are used typ ica l ly  in  cont ro l led exper iments ,  where

concent ra t ions do not  vary  substant ia l ly .

The f requency,  durat ion, and/or intensity of peaks or instances when

ambient concentrat ion exceeds a certain level are useful measures of

exposure in  con junct ion wi th  acute  e f fec ts  or  e f fec ts  character ized

by a threshold va lue. An example o f  the la t ter  is  smar t ing o f  the

eyes induced when the concentrat ion of photochemical oxidants r ises

above a cer ta in  leve l .

Dosage,  or  the in tegra l  o f  concent ra t ion and t ime,  on the o ther

hand,  is  more app l icab le  to  cumulat ive  po l lu tants ,  such as par t icu la tes

or heavy metals, and to  chron ic  e f fec ts ,  or  ones character ized by

a  ce i l i ng  va lue . An  examp le  o f  t he  l a t t e r  e f f ec t  i s  t he  so i l i ng  o f

an exposed surface, the appearance of which does not deteriorate

s ign i f i can t l y ,  once  an  i n i t i a l  l aye r  o f  c rud  has  been  depos i t ed .

Direct measurements of dose are useful in explaining an attack

mechanism and in documenting a causal relationship between exposure

and  e f f ec t . However, their use as a measure of exposure is neither

p rac t i ca l  no r  des i r ab le . Dose measurements do not lend themselves

to  mass ive  s tud ies , because they rely on examination of individual
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character is t ics ,  and they are not  read i ly  t rans la ted in to  acceptab le

ambient levels, which is a common purpose of dose-effect studies.

Thus, the relat ionship between dose and the actual measure of

exposure selected for the study becomes implici t  in the ensuing

damage function.

The feasibi l i ty of conducting direct measurements of dose ne-

cessa r i l y  va r i es  w i t h  po l l u tan t  and  t ype  o f  i nves t i ga t i on . I n  t o x i -

co log ica l  exper iments , dose can be measured by analysis of tissues

o f  sac r i f i ced  an ima l s ,  p rov i ded  t ha t  t he  po l l u t an t  o r  i t s  me tabo l i t es

pers is t  for  a  suf f ic ient ly  long t ime and can be d is t ingu ished f rom

other substances present. In human experiments, such measurements

can be made for carbon monoxide by measuring the carboxyhemoglobin

content in the blood, and for low doses of other pol lutants, by com-

parat ive analys is  o f  inha led and exhaled a i r .  In  some cases,  measure-

ments  are feas ib le  wi th  the a id  o f  a  rad ioact ive labe l  or  o ther  type

o f  t r ace r  m ixed  w i t h  t he  po l l u tan t ,  o r  adm in i s te red  sepa ra te l y ,  i f  i t

shares the uptake character is t ics  o f  the po l lu tant .

In  the case o f  p lants  and mater ia ls ,  par t icu la te  doses can be

measured in  terms of  the to ta l  we ight  and s ize d is t r ibut ion o f  the

depos i t ed  pa r t i c l es ,  a l t hough  on l y  a  sma l l  f r ac t i on  o f  t hese  i s  l i ke l y

to react with the surface before being blown off  by the wind or washed

o f f  by  t he  ra in . The amount  actua l ly  tak ing par t  in  the a t tack

can be measured by analyzing the plant t issues or the composit ion

of  the reacted sur face layer  o f  the mater ia l .
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